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In this thesis, specialty optical fibers for sensing applications are investigated. Firstly, 
we propose the embedded-core capillary fiber structure for acting as a pressure sensor. 
Analytical and numerical studies were performed and showed that high pressure sensitivity 
could be achieved with this simplified fiber structure, which consists of a capillary structure 
with a germanium-doped core placed within the capillary wall. Experiments allowed measuring 
a sensitivity of (1.04 ± 0.01) nm/bar, which is high when compared to other microstructured 
optical fiber-based pressure sensors. Moreover, we studied the so-called surface-core optical 
fibers, which are fibers whose cores are placed at the external boundary of the fiber. In this 
approach, Bragg gratings were used to obtain refractive index – making use of the interaction 
between the guided mode evanescent field and the external medium – and directional curvature 
sensors – by exploring the off-center core position. The measured refractive index and the 
curvature sensitivities, respectively 40 nm/RIU around 1.41 and 202 pm/m-1, compares well to 
other fiber Bragg grating-based sensors. Additionally, antiresonant polymer capillary fibers 
were investigated as temperature and pressure sensors. For the temperature sensing description, 
one used an analytical model to simulate the transmission spectra of such fibers and the 
dependence on temperature variations. Regarding the pressure sensing application, pressure-
induced capillary wall thickness variations were analytically accounted and related to the 
system pressure sensitivity. In both these applications, experimental data were presented. 
Finally, additional opportunities using specialty optical fibers were presented, namely, a 
photonic-crystal fiber-based dual-environment pressure sensor, a three parameters sensor using 
Bragg gratings, tapered fibers and multimode interference, a liquid-level sensor based on Bragg 
gratings and multimode interference, and a temperature sensor based in an embedded-core fiber 
filled with indium. The results reported herein demonstrates the potential of optical fibers for 
providing sensing platforms to attain measurements of different sort of parameters with highly 
sensitivity and improved resolutions.  
 





Nesta tese, fibras ópticas especiais são estudadas para fins de sensoriamento. 
Primeiramente, propomos a estrutura denominada fibra capilar com núcleo embutido 
(embedded-core capillary fibers) para realização de sensoriamento de pressão. Estudos 
numéricos e analíticos foram realizados e mostraram que altas sensibilidades a variações de 
pressão poderiam ser alcançadas com esta estrutura simplificada, que consiste de um capilar 
dotado de um núcleo, dopado com germânio, em sua parede. Experimentos permitiram medir 
uma sensibilidade de (1.04 ± 0.01) nm/bar, que é um valor alto quando comparado a outros 
sensores de pressão baseados em fibras microestruturadas. Ademais, estudamos fibras do tipo 
surface-core, que são fibras cujos núcleos são colocados na superfície externa da fibra. Nesta 
abordagem, redes de Bragg foram utilizadas para obter sensores de índice de refração – 
fazendo-se uso da interação entre o campo evanescente do modo guiado no núcleo e o ambiente 
externo à fibra – e de curvatura – ao se explorar o fato de que, nestas fibras, o núcleo se encontra 
fora do centro geométrico da mesma. As sensibilidades a variações de índice de refração e 
curvatura medidas, 40 nm/RIU em torno de 1.41 e 202 pm/m-1 comparam-se bem a outros 
sensores baseados em redes de Bragg. Outrossim, fibras capilares poliméricas foram 
investigadas como sensores de temperatura e pressão. Para a descrição do sensor de 
temperatura, usou-se um modelo analítico para simular o espectro de transmissão dos capilares 
e a sua dependência com as variações de temperatura. No que tange à aplicação de 
sensoriamento de pressão, variações nas espessuras dos capilares devido à ação da pressão 
foram calculadas e relacionadas à sensibilidade da medida de monitoramento. Nestas duas 
aplicações, realizações experimentais também são reportadas. Finalmente, oportunidades 
adicionais de sensoriamento ao se utilizar fibras ópticas especiais são apresentadas, a saber, um 
sensor de pressão para dois ambientes baseados em fibras de cristal fotônico, um sensor de três 
parâmetros baseado em redes de Bragg, fibras afinadas e interferência multimodal, um sensor 
de nível de líquido baseado em redes de Bragg e interferência multimodal e um sensor de 
temperatura baseado em fibras embedded-core preenchidas com índio. Os resultados aqui 
reportados demonstram o potencial das fibras ópticas em fornecerem plataformas de 
sensoriamento para alcançar medidas de diferentes tipos de parâmetros com alta sensibilidade 
e resolução adequada. 
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Nowadays world’s dynamics probably wouldn’t be the same without fiber optics. 
The revolution in communications field provided by the boost in data transmission rates 
have allowed information exchange to happen at unthinkable velocities and quality levels. 
Additionally, optical fibers have been successfully inserted in several other fields such as 
imaging, biomedical laser delivery systems, military gyroscopic setups, automotive 
lightning and control. [1.1] 
Moreover, optical fibers acquired great importance in sensing applications since 
they enabled high sensitivity measurements with very compact and robust setups. 
Besides, optical fiber sensors are immune to electromagnetic interference and can be used 
in harsh environments since they are usually made of silica. These advantages have 
motivated important progress in the optical fiber sensors’ market. Recent research reveals 
that, in the next five years, the market can grow at an annual rate of 10 percent and reach 
a size of 3.2 billion dollars in 2022. [1.2] 
Several reports are available in the literature which demonstrate that optical fibers 
are a suitable platform for measurements of different sorts of parameters. Temperature, 
pressure, refractive index, strain and curvature are examples of parameters which can be 
successfully monitored by using fiber optics-based devices. In order to make fiber optics 
able to probe these broad diversity of parameters, numerous technologies can be 
employed to tailor the fiber’s properties. For instance, the use of Bragg and long-period 
gratings, rocking filters, metal-coated optical fibers, and special configurations such as 
in-fiber Fabry-Perot interferometer are possibilities of turning fibers sensitive to a 
parameter of interest. 
Standard optical fibers used in both telecommunication and sensing fields are 
made of silica and formed basically of two regions: the core and the cladding. The core 
consists of a germanium-doped silica region located at the geometrical center of the fiber. 
Due to its doping, the core has a higher refractive index than the cladding (pure silica). 
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Figure 1.1a illustrates the standard optical fiber structure and Figure 1.1b its refractive 
index profile (step-index profile). [1.3] 
 
 
Figure 1.1. Standard optical fiber structure and refractive index profile. Δn: refractive index 
contrast (Adapted from [1.4]). 
 
The refractive index contrast between core and cladding allows light to be guided 
by total internal reflection along its length. Light propagation characteristics along fiber 
optics can be studied by the employment of Maxwell equations. When boundary 
conditions are appropriately applied to the fiber structure, these equations allow obtaining 
well defined electric and magnetic field distributions on the cross-section of the fiber 
which propagate along the fiber length. These solutions are called optical modes and are 
associated to particular propagation constants and effective refractive indexes. [1.3] 
Although standard optical fibers allow the realization of optical fiber sensing, the 
progressive need of manipulating the guided light properties have motivated the 
investigation in the field of the specialty optical fibers. Herein, one defines specialty fiber 
as any fiber structure which is different from the so-called standard optical fiber (as shown 
in Figure 1.1a and discussed in the last paragraphs). The difference can be related to, for 
example, the addition of a dopant in the fiber core (such as erbium-doped fibers) or to the 
material the fiber is made of (such as soft-glass and polymer-made optical fibers). 
Additionally, new fiber geometries can be obtained such as the solid-core and hollow-
core photonic-crystal fibers, which provides a myriad of possibilities regarding the 
exploration of applications since fundamental science to applied fields. Furthermore, a 
number of other fiber structures are available as, for instance, fiber tapers (which are 
fibers processed in such a way that a well-defined section of it has its dimensions 
reduced), fibers with internal electrodes and multicore fibers. Figure 1.2 presents some 





Figure 1.2. Examples of specialty optical fibers. (a) Solid-core [1.5] and (b) hollow-core photonic crystal 
fiber [1.6]; (c) negative-curvature hollow fiber [1.7]; (d) photonic-crystal fiber with electrodes next to the 
fiber microstructure [1.8]; (e) multicore optical fiber [1.9]. 
 
The exploration of the fiber optical response as a parameter of interest varies is 
the basis of optical sensing research. Some figures of merit are then appropriate to 
measure the performance of a certain sensor – namely sensitivity, resolution and dynamic 
range. The sensitivity is defined as the rate at which a specific optical parameter (e.g. 
wavelength, power, phase) is varied when an external parameter changes. In general, in 
this thesis, we are interested in spectral measurements. Therefore, in most cases, there 
will be a spectral feature (a dip, a peak, an interferometric pattern) whose spectral position 
is followed while an external parameter of interest (external medium refractive index, 
pressure, curvature or strain conditions) is varied. Thus, the sensitivity value is accounted 
by obtaining the slope of the line which provides the best fit to the experimental data of 
the wavelength shift as function of the external parameter (X) variation. Figure 1.3a is a 
schematic representation of the procedure for the sensitivity determination. 
The resolution, in turn, is related to the detection limit of the system. In spectral 
measurements, it must be accounted by identifying the least detectable wavelength shift 
and, then, by associating this wavelength shift to the least amount of the external 
parameter which would be resolvable by the sensing system. It is directly associated to 
the spectral optical feature full width at half maximum (FWHM), what means that the 
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sharper the optical feature (lower FWHM value), the more improved will be the sensor 
resolution – see Figure 1.3b for a representation of this situation. 
Finally, the dynamic range accounts for the largest interval in which the sensor 
can provide a correct and unequivocal reading of the monitored parameter. Specially, this 
figure is very important for measurements which are based on following the spectral 
position of interferometric fringes since, in this approach, the dynamic range is limited 
by the fringes’ spectral separation, i.e. its free spectral range (FSR) – Figure 1.3c. This 
limitation exists because, if the wavelength shift of a certain fringe is enough to reach a 
neighboring one, the interpretation of the sensor response can be mistaken. Therefore, 
one assume herein that the dynamic range is the variation of the external parameter which 
would provide a wavelength shift equal to the FSR value. 
 
 
Figure 1.3. Schematic representation of the sensor (a) sensitivity, (b) resolution and (c) dynamic range. 
ΔX: parameter under test variation; Δλ: wavelength variation; FWHM: full width at half maximum; 
FSR: free spectral range. 
 
In this thesis, we approach specialty fiber-based setups for sensing. Novel fiber 
designs are proposed, fabricated and tested. In addition, it is provided theoretical 
descriptions of the physical phenomena by presenting analytical and numerical 
simulations. 
 In Chapter 2, a new fiber structure, termed capillary embedded-core fiber, is 
proposed for providing pressure-sensing measurements with enhanced sensitivity. 
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Embedded-core fiber consists of a capillary fiber with a germanium-doped core placed 
within its wall. In order to understand the physical principle for pressure sensing, an 
analytical model for accounting the stresses in pressurized tubes is used to calculate the 
birefringence which is induced in the structure due to external pressure application. In 
sequence, fiber fabrication is reported and the experimental measurements are described. 
In Chapter 3, we present the study of so-called surface-core fibers. In this sort of 
fibers, the core is placed on fiber’s external surface, what allows probing external 
refractive index and directional curvature variations. The reported research ranges from 
fiber fabrication and imprinting of Bragg gratings in the fibers to the performance of 
simulations and sensing measurements. 
 In Chapter 4, polymer antiresonant capillary fibers are studied for temperature and 
pressure sensing. Here, we coupled an analytical model for accounting capillary walls 
thickness changes for temperature and pressure variations to another one for recovering 
the spectral behavior of an antiresonant waveguide. In addition, characterization and 
sensing measurements are provided. 
Finally, in Chapter 5, we present additional opportunities for sensing 
measurements using specialty optical fibers. Thus, a photonic-crystal fiber-based pressure 
sensor for dual environment monitoring, a three-parameter sensor based on Bragg 
gratings, tapered fibers and multimode interference, and an intensity-based liquid level 
sensor are described. Sensor’s operation descriptions and experimental realization of the 
same are presented in detail. Moreover, the use of metal-filled embedded-core fiber in 
temperature sensing measurements is presented. 
In the following section, we present a set of technologies which can turn optical 
fibers able to act as sensors. Bragg and long-period gratings, rocking filters, fiber tapers 
and multimode interference are topics to be covered herein. Moreover, special fiber 
designs will be discussed. 
 
1.1 Fiber Gratings 
 
Optical fiber gratings consist of periodic longitudinal refractive index modulations 
in the fiber structure which allow coupling between optical modes. Experimentally, such 
modulations can be created either by shining an UV [1.10] or CO2 [1.11] laser on an 
optical fiber or by applying electric arcs [1.12] on the fiber structure. Moreover, gratings 
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can be mechanically induced by, for instance, pushing a corrugated board against an 
optical fiber [1.13]. Depending on the grating period, which can range from hundreds of 
nanometers to millimeters, coupling can occur between different sort of modes (forward 
and backwards propagating core modes, cladding modes or core modes with different 
polarizations) when the difference between their propagation constants are equal to 2π/Λ, 
where Λ is the grating period – i.e. 𝛽2 − 𝛽1 =
2𝜋
Λ
, where β1 and β2 are the propagation 
constants of the modes experiencing the coupling. This condition is referenced as the 
phase matching condition and allows recognizing that the coupling will be observed at 
specific wavelengths.  [1.14] 
If the grating period is in the order of hundreds of nanometers, coupling between 
forward propagating and backwards propagating core modes is observed – in this case, 
the grating is called a fiber Bragg grating or, simply, a FBG. For Bragg gratings, the phase 
matching condition can be written as in Eq. (1.1), where λB is the wavelength at which 
mode coupling was observed (Bragg wavelength), neff is the effective refractive index of 
the core mode and Λ is the grating period. [1.14] 
 
𝜆𝐵 = 2 Λ 𝑛𝑒𝑓𝑓                                                    (1.1) 
 
 As in a Bragg grating the forward propagating core mode is coupled to a 
backwards propagating core mode, its optical response can be measured in reflection. 
Thus, when light from a broadband light source is launched in a fiber in which a Bragg 
grating was inscribed, a peak at the Bragg wavelength is seen in the reflected spectrum. 
If the response of the grating is measured in transmission, a dip at the Bragg wavelength 








 The existence of a peak in the reflection spectrum of an FBG makes it suitable for 
the performance of sensing measurements. Besides, as can be seen in Eq. (1.1), the Bragg 
wavelength varies if the period of the grating is altered or if the effective refractive index 
suffers a variation. It makes straightforward thinking FBGs as temperature and strain 
sensors since both these parameters can cause Λ and neff values to vary (via thermal 
expansion, thermo-optic and strain-optic effects). Thus, for example, in temperature or 
strain sensing experiments, the Bragg peak spectral position can be followed as the 
temperature or the strain is changed. [1.16] 
 If the spatial periodicity of the grating is in the order of hundreds of micrometers, 
coupling between the fundamental core mode and cladding modes is possible. In this case, 
the grating is referenced as a long-period fiber grating (LPG) and the phase matching 
condition is written as in Eq. (1.2), where λi is the wavelength at which coupling is 
observed, ncore is the effective refractive index of the fundamental core mode, nclad
i is the 
effective refractive index of a specific cladding mode and Λ is the grating period. [1.14] 
 
𝜆𝑖 = (𝑛𝑐𝑜𝑟𝑒 − 𝑛𝑐𝑙𝑎𝑑
𝑖 )Λ                                           (1.2) 
 
Since the cladding modes present higher attenuation than the core mode, if 
broadband light is launched in a fiber with a long-period grating, the resulting 
transmission spectrum will be characterized by dips at the wavelengths at which coupling 
between core and cladding modes were attained (Figure 1.5). Moreover, as cladding 
modes effective refractive indexes are dependent on the refractive index of the medium 
that surrounds the fiber, long-period gratings are usually thought for setting up refractive 
index sensors. In this sort of application, the spectral position of the resonances can be 








A third kind of fiber gratings also useful for the performance of sensing 
measurements is referenced as rocking filters. The rocking filter is a grating which is 
inscribed in a birefringent optical fiber with a period in the order of millimeters and 
provides coupling between core modes with different polarizations. The phase matching 
condition is expressed by Eq. (1.3), where λR is the resonant wavelength, B is the modal 
phase birefringence – defined by Eq. (1.4) – and Λ is the grating period. In Eq. (1.4), neff,x 
and neff,y stands for the effective refractive index of the core mode with x and y 
polarizations respectively. [1.18] 
 
𝜆𝑅 = 𝐵 Λ                                                        (1.3) 
 
𝐵 = 𝑛𝑒𝑓𝑓,𝑥 −  𝑛𝑒𝑓𝑓,𝑦                                              (1.4) 
 
 It is noteworthy to observe that Eq. (1.2) and Eq. (1.3) are, in fact, different forms 
of writing the same phase matching condition: 𝜆𝑅𝐸𝑆 = Δ𝑁 Λ, where λRES is the 
wavelength at which the coupling will occur, Λ is the grating period and ΔN is the 
difference between the effective refractive indexes of the modes experiencing the 
coupling. Therefore, the difference between the magnitude order of the periods of the 
Bragg gratings, long-period gratings and rocking filters (respectively in the order of 
thousands of nanometers, hundreds of microns and millimeters) is explained by the 
distinctive values of ΔN in these gratings. For example, if one assumes the coupling to 
occur at the wavelength of 1550 nm, for the rocking filters one can find Δ𝑁~10−4, which 
is a reasonable value for the difference between the effective refractive indexes of the x- 
and y-polarized modes in birefringent optical fibers and, for the long-period gratings, 
Δ𝑁~10−3, which is refractive index difference usually observed between the 
fundamental core mode and the cladding modes. 
The optical response of a rocking filter is measured by the employment of two 
polarizers, orthogonally or parallelly oriented with respect to each other (Figure 1.6). The 
first polarizer excites the core mode in the birefringent fiber on a particular polarization 
state (x or y). As the light travels along the rocking filter, coupling from the mode on the 
initial polarization state to a mode on the orthogonal polarization state is verified. If the 
second polarizer is parallelly oriented with respect to the first one, a spectral dip is 
29 
 
observed at λR (Figure 1.6a). If, on the other hand, the second polarizer is orthogonally 




Figure 1.6. Rocking filter operation illustration with (a) parallel polarizers and (b) orthogonal polarizers. 
P1 and P2: polarizers. (Adapted from [1.15]) 
 
 Rocking filters also allows the realization of sensing measurements. It is usually 
done by exploring fiber birefringence changes when an external parameter acts on the 
fiber. Hydrostatic pressure is an example of a parameter which can be monitored by 
rocking filter-based sensors. The application of pressure on fiber’s structure induces 
stresses within the same and, depending on fiber characteristics, its distribution can be 
asymmetric implying in birefringence changes (the relation between hydrostatic pressure 
variations and birefringence will be discussed in detail in Chapter 2). [1.18] 
 We can observe that fiber gratings can provide a wide range of possibilities when 
acting as sensing platforms. In the following chapters, we explore refractive index, 
curvature, temperature and strain Bragg gratings-based sensors. 
 
1.2 Fiber tapers 
 
Another interesting technology widely used to build up optical sensors are fiber 
tapers, which consist of optical fibers which have their dimensions controllably reduced. 
Large evanescent fields, strong confinement, configurability and robustness are some of 
fiber tapers properties which makes them attractive for the development of optical 
technologies from nonlinear optics to sensing applications. [1.19] 
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Tapers can be obtained by using the flame brushing technique [1.20]. In this 
method, a well-defined region of the fiber is heated by an oscillating flame as it is 
controllably stretched (Figure 1.7a). By mass conservation, the increase of fiber length 
cause its diameter to reduce. Therefore, fiber tapers comprehend two transition regions 
and a waist with uniform diameter. [1.19] 
 
 
Figure 1.7. (a) Flame brushing technique and a schematic of the final profile of a fiber taper with two 
transition regions and a uniform taper waist (adapted from [1.20]). (b) Representation of the Z-direction 
Poynting vector of a fiber taper guiding light. [1.21] 
 
 If an optical mode is guided in the core of the optical fiber, it will be converted to 
cladding modes in the microfiber as it propagates along the transition region [1.19]. Due 
to the reduced diameter of the tapered region, a large portion of the evanescent field 
permeates the external medium (Figure 1.7b). It causes the characteristics of the mode 
guided in the tapered region to be strongly dependent on the surrounding medium 
properties. This property opened the possibility of the realization of a great variety of 
refractive index sensors based on optical fiber tapers. An example of a highly sensitive 
sensor – with sensitivity in the order of thousands of nanometers per RIU (refractive index 
unit) – was reported by our group in [1.22], where birefringent tapers were prepared from 
side-polished standard optical fibers and their optical response in a polarimetric 
measurement was accounted as a function of external refractive index variations.  
 Moreover, mechanical properties of the tapered fibers can be explored for sensing 
purposes. For instance, due to their reduced diameter – and, therefore, reduced cross-
sectional area –, when a force is axially applied to an optical fiber, the strain level on the 
tapered region is higher than in the non-tapered region [1.23]. It allows obtaining, for 
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instance, strain sensors with enhanced sensitivity. A more detailed description of this 
effect is discussed in Chapter 5.   
 
1.3 Multimode interference (MMI) 
 
Multimode interference (MMI) is a phenomenon which can also be employed for 
obtaining fiber optics-based sensors. Usually, it is convenient to explore it in a 
configuration known as SMS structure (singlemode-multimode-singlemode). It 
comprehends a singlemode fiber (SMF), a multimode fiber (MMF) and another single 
mode fiber section set in sequence and fused to each other (Figure 1.8a). 
 
 
Figure 1.8. (a) SMS structure and interference pattern inside the multimode fiber (colors represent the 
normalized electric field amplitude). SMF: singlemode fiber; MMF: multimode fiber. (adapted from 
[1.26]). (b) Representation of the typical optical response of an SMS structure (adapted from [1.27]). 
 
In this sort of structure, the mode guided in the singlemode fiber is launched in 
the multimode region so that numerous modes are excited. Due to the different 
propagation constants of the modes inside the multimode fiber, they interfere with each 
other as they propagate (Figure 1.8a). As a result of interference, self-images of the input 
field (exact replica both in phase and amplitude) will be obtained along the multimode 
optical fiber. The lengths L (as respect to the point where the light is launched in the 
multimode fiber) at which the self-images will occur are described by Eq. (1.5), where 
nMMF and DMMF are respectively the effective refractive index and the diameter of the 








                                                (1.5) 
 
 For measuring the optical response of an SMS structure, light from a broadband 
light source is coupled in the singlemode fiber and its transmission spectrum is measured 
in an optical spectrum analyzer (OSA). The typical spectrum consists of a peak centered 
at a wavelength λSMS
 (Figure 1.8b), which can be predicted by rewriting Eq. (1.5) as 






                                                (1.6) 
 
If the multimode fiber in the SMS structure is a silica rod (no-core fiber – NCF), 
the effective refractive index of the fundamental mode in the multimode fiber, nMMF, will 
be dependent on the refractive index of the external medium which surrounds the fiber 
(since, in this case, the interface silica-external medium provides the refractive index 
contrast for mode confinement). Thus, if the surrounding medium refractive index is 
altered, a spectral shift in the SMS optical response is expected. By calibrating this 
spectral shift as a function of the refractive index variations, it is possible, for instance, to 
obtain a SMS-based refractive index sensor.  
This approach was employed in [1.28], where the authors characterized SMS 
structures with no-core fibers and tapered no-core fibers for refractive index sensing 
purposes. Furthermore, other possibilities regarding the application of SMS structures for 
temperature, refractive index, strain and liquid-level monitoring will be discussed in this 
thesis (Chapter 5). 
 
1.4 Specialty fibers 
 
Standard singlemode and multimode optical fibers can, as shown in the previous 
sections, be employed in sensing measurement if they are processed (imprinting of 
gratings, preparation of fiber tapers) or if they are set in specific configurations (as in 
SMS structure). However, there is not much liberty in the choice of fiber’s properties that 
can be optimized for sensing purposes. Essentially, the standard geometry only allows 
improvement in core size and its refractive index profile. Thus, specialty optical fibers 
33 
 
are a very interesting alternative for exploring optical fibers-based sensors. A wide range 
of possibilities are opened since new geometries can be thought, new wave guidance 
mechanisms can be exploited and, besides, different material can be integrated to optical 
fibers. In the following sections, specialty fibers examples are provided. 
 
1.4.1 Birefringent fibers 
 
As a first example of specialty optical fibers, we can cite the birefringent ones. As 
expressed in Eq. (1.4), the birefringence for a specific optical mode in a waveguide is 
defined as the difference between the effective refractive indexes of the modes with 
orthogonal polarizations. 
Breaking core’s circular symmetry or providing an asymmetric stress distribution 
within the fiber are two possible routes for incorporating birefringence in an optical fiber. 
The first method for attaining a birefringent fiber can be exemplified by the elliptical-
core optical fibers (Figure 1.9a). In this sort of fibers, the birefringence arises from the 
fact that the effective core diameter for optical modes with orthogonal polarization states 
are different [1.29]. As this birefringence is due to the geometric shape of the core, it is 
called form birefringence. 
Tapered optical fibers can also present form birefringence, as it was reported by 
our group in [1.22]. To do this, a standard optical fiber can be side-polished (in order to 
break its circular symmetry – Figure 1.9b) and, in sequence, tapered down. As the 
asymmetry created by the polishing is maintained during the tapering process, the modes 
which are guided through the taper at different polarization states become characterized 
by different effective refractive indexes. 
Additionally, for obtaining birefringent optical fibers via the creation of an 
asymmetric stress distribution within the fiber, boron-doped regions can be added to the 
fiber. So-called PANDA and bow-tie fibers (Figure 1.10) are examples of structures in 
which the birefringence is attained by following this route. In this sort of fibers, as the 
thermal expansion coefficient of the doped regions is different than the undoped region 
one, an asymmetric stress distribution is generated within the fiber structure. It implies 
the core material refractive index to be altered differently on horizontal and vertical 





Figure 1.9. (a) Elliptical-core fiber structure representation. (b) Cross-section image of a side-polished 
optical fiber. Red circle helps identifying the asymmetry generated by the polishing process. [1.22] 
 
 
Figure 1.10. (a) PANDA and (b) Bow-tie fibers structure representation. 
 
 Birefringent fibers are widely employed in sensing setups. Usually, the 
birefringence dependency on a specific parameter (temperature or pressure, for example) 
is studied. For instance, in [1.30] PANDA fibers temperature sensitivity was explored for 
demonstrating the operation of a dual-environment optical sensor and, in [1.23], 
birefringent microfibers were used for obtaining a very high sensitivity refractive index 
sensor. 
 
1.4.2 Photonic-crystal fibers (PCFs) 
 
Photonic-crystal fibers (PCFs) consist of a special sort of optical fibers endowed 
with air holes on its transversal cross-section which runs parallelly along its entire length. 
The air holes define a microstructure around the fiber core which determine the properties 
of the guided light. The freedom in choosing the microstructure geometry (and, therefore, 
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the fiber properties) allows the application of the photonic-crystal fibers in several fields 
which can ranges from nonlinear optics to sensing, study of fiber devices and material 
characterization.  [1.31] 
Solid-core and hollow-core photonic-crystal fibers are reported in literature –
Figure 1.11a presents an example of solid-core photonic-crystal fiber and Figure 1.11b 
shows a hollow-core one. In solid-core fibers, light is guided by modified total internal 
reflection. In this mechanism, the cladding (holes microstructure) can be thought as 
having a lowered average refractive index when compared to the solid-core one. This 
refractive index contrast provides the condition for total internal reflection to occur in an 
analogous fashion as it occur in standard optical fibers. As modified total internal 
reflection context is created by the microstructured cladding, the optical characteristics 
of the modes supported by the fiber are intrinsically dependent on the microstructure 
geometric characteristics. [1.33] 
 
 
Figure 1.11. (a) A solid-core and (b) a hollow-core photonic-crystal fibers. [1.32] 
 
In hollow-core fibers, however, total internal reflection is not possible since the 
fiber core has a lower refractive index than the cladding. Thus, the photonic bandgap or 
the inhibited coupling effect can be explored. In the photonic bandgap fibers, the cladding 
structure is such that a photonic bandgap is obtained and, in a certain wavelength range, 
there is no cladding mode to which the core mode can be coupled; in the inhibited 
coupling fibers, otherwise, the coupling from the core mode to the cladding modes is 
strongly minimized by lowering the spatial interaction between the core and the cladding 
modes or by having a strong mismatch between modes transverse spatial phases. [1.34] 
 Silica photonic-crystal fibers can be prepared by using a fiber drawing tower 
facility and by employing the stack-and-draw procedure [1.35]. In stack-and-draw 
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procedure, silica capillaries and rods are manually assembled in a preform stack whose 
structure corresponds to the one planned for the final fiber. The stack is then put into a 
jacketing tube and the resulting assembly is drawn in the tower facility to a 
microstructured preform (cane). Finally, the cane is drawn to fiber dimensions – in this 
final step, another tube can be used for jacketing the cane so the desired proportion 
between microstructured cladding, core and outer fiber sizes can be achieved. More 
details on the fabrication of photonic-crystal fiber procedure are available in 
Appendix A. [1.36] 
Polymers such polymethyl methacrylate (PMMA) and polycarbonate, can also be 
used for obtaining photonic-crystal fibers. Although stack-and-draw technique can also 
be used for obtaining polymer optical fibers (POFs), the holes’ structure in polymer fiber 
preforms are usually obtained by drilling solid polymeric cylinders in driller machines 
(Figure 1.12a shows a typical PMMA preform after drilling process). This technique 
allows obtaining more complex holes’ arrangements, such as one exemplified in 
Figure 1.12b, where the authors obtained a graded-index cladding structure. [1.33] 
The fiber drawing process follow the same steps as in silica fibers but with the 
important difference that, during drawing process, the furnace temperature is around 
200 ºC. It allows drawing fibers with dopants such as rhodamine (Figure 1.12c), what 
would be impossible for silica fibers (whose fabrication process occur at temperatures 




Figure 1.12. (a) PMMA fiber preform. (b) Graded-index cladding polymer fiber. (c) Rhodamine-doped 




As demonstrated by the wide variety of photonic-crystal fiber-based sensors 
reported in literature, the application of photonic-crystal fibers in sensing measurements 
is very broad. For example, filling the photonic-crystal fiber holes with liquids [1.37] or 
gases [1.38] have shown to be a successful approach for obtaining sensors based on 
absorption, fluorescence and refractive index changes. Moreover, photo-elastic effect can 
be explored in birefringent photonic-crystal fibers pressure sensing [1.39]. In Chapter 5, 
a photonic-crystal fiber-based sensor for dual environment probing will be detailed. 
 
1.4.3 Antiresonant reflecting optical waveguides (ARROW) 
 
Besides photonic-crystal fibers that can guide light by modified total internal 
reflection or photonic bandgap guidance, an interesting class of specialty fibers is able to 
transmit light by the so-called antiresonant reflection mechanism. These fibers are 
classified as antiresonant reflecting optical waveguides (ARROW). [1.40] 
Antiresonant reflection mechanism can occur when light propagates within a fiber 
structure in which the core refractive index is lower than the cladding’s one. Although it 
may resemble photonic bandgap guidance, in antiresonant reflecting waveguides the 
cladding periodicity does not determine the bands for light propagation in the waveguide 
and the guidance mechanism rely on the reflection characteristics of the waves that 
impinges on core-cladding boundary. [1.40] 
The simplest example of an antiresonant optical fiber is a capillary fiber, as 
represented in Figure 1.13a (where n1 is the core’s refractive index, d is the capillary wall 
thickness and n2 its refractive index). Guidance mechanism can be understood if the 
capillary wall is thought as a Fabry-Perot etalon. For wavelengths propagating in the core 
which correspond to Fabry-Perot etalon resonances (constructive interference in the 
capillary wall), high transmission through the cladding is observed and this is a 
wavelength of minimum transmission through the core. In contrast, for wavelengths 
experiencing low leakage through the wall (Fabry-Perot antiresonances; destructive 
interference in the capillary wall), a high transmission through the core will be observed 





Figure 1.13. (a) Schematic diagram of a capillary fiber; n1: core refractive index; n2: capillary wall 
refractive index; d: capillary wall thickness. (b) Representation of the wavelengths of minimum and 
maximum transmission. [1.40] 
 
The spectral positions of the minima, λmin, can be found by using Eq. (1.7), where 
n1 is the core’s refractive index, n2 is the capillary wall’s one, d is the capillary wall 
thickness and m is the minimum order [1.40]. Thus, it is seen that if an external parameter 
is able to alter n1, n2 or d values, a shift in the minimum spectral position will be verified 
and the configuration can act as a sensor. In [1.41], for instance, a capillary fiber 
antiresonance spectrum was monitored while the capillary wall was being chemically 
etched. Besides, in [1.42], the influence of the application of different internal pressure 
levels on the antiresonance spectrum of a silica capillary fiber was studied – this topic 










− 1                                       (1.7) 
  
Antiresonant reflection can also be explored in more sophisticated fiber designs. 
A successful structure has been referenced as negative-curvature antiresonant fibers, 
which was firstly proposed in [1.43]. In this sort of fibers, the core is delimited by convex 
silica layers which define the so-called negative curvature of the core. Figure 1.14a and 
Figure 1.14b shows examples of negative-curvature antiresonant optical fibers. The fiber 
exposed in Figure 1.14a had its microstructured optimized so bending losses could be 
lowered and the fiber presented in Figure 1.14b, in turn, was designed for attaining low 





Figure 1.14. Cross section of two successful negative curvature hollow-core optical fibers designs reported 
in literature. (a) Fiber design for lowering bending losses [1.44] and (b) for attaining lowered attenuation 
for wavelengths between 3 µm and 4 µm. [1.45] 
 
As in negative-curvature fibers the light is guided through the hollow core, several 
interesting properties were verified. Low dispersion, low nonlinear response, high 
damage threshold and low loss in wavelength ranges in which silica is opaque are some 
of the appealing properties of this kind of fiber. Moreover, it is seen that negative-
curvature fiber’s microstructure is much simpler than photonic bandgap fiber’s ones, what 
makes it easier to fabricate. All these appealing properties allowed antiresonant optical 
fibers to become a very fruitful field of research in the latest years. In addition, several 
important research groups are devoting their attention to this topic, what allows predicting 








Simplifying the design of microstructured fiber 
pressure sensors: embedded-core fiber 
 
As discussed in the last chapter, the application of optical fibers in sensing has 
been broadly investigated in recent years. The development of optical fiber-based 
pressure sensors, in particular, is very desirable because they potentially offer elegant 
solutions for a wide and varied range of applications. For example, they have been 
employed to monitor pressure variations in downhole [2.1], medical [2.2] and 
aerodynamics applications [2.3].  
Several fiber optics-based technologies such as long-period [2.4] and Bragg 
gratings [2.5] are reported to be able to detect pressure variations. In these examples, the 
achieved sensitivities were as high as 5.1 pm/bar [2.4] and 0.4 nm/bar [2.5]. Another 
important technology for building optical fiber-based pressure sensors which can provide 
ultrahigh sensitivities (in the order of hundreds or even thousands of nanometers per bar) 
are the Fabry-Perot interferometers. They are often prepared by processing the optical 
fiber tip by adding a diaphragm on it (which can be made of polymer-metal composite 
materials [2.6] or graphene [2.7], for example) in such a manner that a cavity is created 
between the fiber tip and the diaphragm. External pressure variations cause the diaphragm 
to displace and, therefore, vary the cavity length. The changes in the interferometer 
characteristic spectral pattern (usually measured in reflection) due to the pressure 
variations are used to define the system sensitivity. However, the structural robustness of 
these Fabry-Perot-based sensors are poor, limiting their application when high pressure 
sensing is targeted. Very recent research has demonstrated the possibility of making nano-
diaphragms made of silica [2.8]. The authors of these research claim it means an 
important step towards the improvement of the robustness of these sensors. 
Due to their design versatility, microstructured optical fibers are a suitable 
platform for obtaining pressure sensors [2.9-2.11]. In general, to achieve optimized 
pressure sensitivity, their structures are designed in such a manner that the application of 
hydrostatic pressure induces asymmetric stress distributions in the fiber. As these fibers 
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are, in general, birefringent, variations in its birefringence are observed due to the 
photoelastic effect [2.12] and the optical response of these fibers become sensitive to 
pressure variations. 
In this context, photonic-crystal fibers [2.13] and fibers with sophisticated 
microstructure geometries (as the fiber reported by A. Anuszkiewicz et al., whose 
structure is endowed with a triangular-shaped pattern of air holes [2.10]) have been 
investigated to act as pressure sensors. Additionally, side-hole optical fibers have been 
shown to be an interesting kind of fiber for pressure sensing [2.14, 2.15]. Figure 2.1 show 
examples of microstructured fibers whose optical responses were studied and tested as a 
function of hydrostatic pressure variations. Although these fibers allow the realization of 
optimized pressure sensing measurements and are an important platform to do so, the 




Figure 2.1. Examples of microstructured optical fibers explored in pressure sensing applications: (a) a 
photonic-crystal fiber [2.13]; (b) and (c) microstructured fiber endowed with a triangular lattice of air 
holes. [2.10]; Side-hole fibers with (d) a germanium doped-core [2.14] and (e) a photonic-crystal 




To characterize the sensitivity of the fibers as the one shown in Figure 2.1 to 
external pressure variations, usually the so-called polarimetric wavelength scanning 
method [2.16] is employed. In this method, a broadband light source (for example, a 
supercontinuum source – SC) launches light into the optical fiber. A first polarizer (P1) is 
used to excite the two orthogonal modes of the birefringent fiber. A second polarizer (P2) 
is employed to allow the recombination and interference between the orthogonal optical 
modes that traveled along the fiber, which is seen as an interferometric pattern measured 
by an optical spectrum analyzer (OSA). To experimentally maximize the interferometric 
fringes visibility, the polarizers angles are tuned while observing the resulting spectrum; 
theoretically, the maximum visibility of the interferometric fringes are attained when the 
first polarizer is oriented at 45 degrees with respect to the principal axes of the birefringent 
fiber and the second polarizer is oriented at 0 or 90 degrees with respect to the first 
polarizer. Additionally, a pressure chamber (PC) is used to subject the fiber to different 
external pressure levels. A representation of the described experimental setup is available 
in Figure 2.2. 
 
 
Figure 2.2. Experimental setup for pressure-sensing measurements. SC: supercontinuum source; P1 and P2: 
polarizers; O1 and O2: objective lenses; OSA: optical spectrum analyzer; PC: pressure chamber; L: fiber 
length; LP: pressurized fiber length. 
 
As said in the last paragraph, the recombination and interference of light in the 
second polarizer produces spectral fringes in the transmission spectrum. Since the 
birefringence of the fibers as the ones shown in Figure 2.2 is altered when pressure is 
applied, the spectral positions of these fringes are dependent on the external pressure 
level. Therefore, it is useful to define a sensitivity coefficient, CS, to account for the 
spectral displacement of the interferometric fringes (IF) due to pressure changes, 𝐶𝑆 ≡
𝑑𝜆𝐼𝐹
𝑑𝑃
. The CS value can also be written as a function of the wavelength λ, fiber group 





, as can be seen in Eq. (2.1) [1.17]. Thus, the CS value can be obtained either by 
following the spectral positions of the interferometric fringes as the external pressure is 













                                          (2.1) 
 
CS value (or the pressure sensitivity, as commonly referenced) is, therefore, an 
important figure of merit for comparing the performance of the sensors. For example, H. 
Y. Fu et al. showed 0.342 nm/bar for a commercial all-silica photonic-crystal fiber [2.13] 
and T. Martynkien et al. reported 0.30 nm/bar and 0.52 nm/bar for specially designed 
microstructured fibers [2.18, 2.19]. 
Moreover, by using Eq. (2.1), it is possible to estimate the fiber birefringence 
derivative with respect to pressure, 
𝜕𝐵
𝜕𝑃
, which also consist of an important parameter for 
comparing the sensor’s responses. For instance, G. Statkiewicz-Barabach et al. reported, 
for a photonic-crystal fiber, the value 
𝜕𝐵
𝜕𝑃
 = 2.52 × 10-7 bar-1 [2.9] and A. Anuskiewicz et 




 = 8.89 × 10-7 bar-1 [2.10]. 
Also, it is demonstrated in the literature that the use of rocking filters inscribed in 
fibers such as the ones shown in Figure 2.1 allows measuring pressure variations with 
very high sensitivity. For example, A. Anuskiewicz et al. measured sensitivities as high 
as 17.7 and 13.2 nm/bar for the fibers shown in Figure 2.1b and Figure 2.1d, 
respectively [2.10, 2.14].  
However, as already mentioned, the special fibers able to monitor pressure 
variations reported up to date are very sophisticated, what makes their fabrication 
complicated from a technical point of view. In this chapter, the use of a simplified 
specialty optical fiber structure – the embedded-core capillary fiber – in hydrostatic 
pressure measurement is proposed. The embedded-core fiber consists of a silica capillary 
structure endowed with a germanium-doped region (the fiber core) placed within the 
capillary wall. As it is discussed in the following, the fabrication of this fiber is 




2.1 Pressure-induced material birefringence in capillary fibers 
 
When hydrostatic pressure is applied to capillary fibers (Figure 2.3a), their walls 
displace. It entails stress induction within the capillary structure [2.20]. Because the 
material birefringence is dependent on the induced stress within a fiber structure, its value 
is expected to be altered if the fiber is under pressure. Eq. (2.2) shows the material 
birefringence, Bmat, dependence on the pressure-induced stresses in the horizontal (σx) and 
vertical (σy) directions [2.21]. In Eq. (2.2), C1 and C2 identify the elasto-optic coefficients 
(C1 = -0.69 × 10
-12 Pa-1 and C2 = -4.19 × 10
-12 Pa-1 for silica [2.22]); nx0 and ny0 are the 
material refractive indexes under no stress. The elasto-optic coefficients accounts for the 
refractive index variations due to the existence of stresses within the material: 𝑛𝑥 = 𝑛𝑥0 +
𝐶1𝜎𝑥 + 𝐶2𝜎𝑦 and 𝑛𝑦 = 𝑛𝑦0 + 𝐶1𝜎𝑦 + 𝐶2𝜎𝑥. 
 
𝐵𝑚𝑎𝑡 = 𝑛𝑥0 − 𝑛𝑦0 + (𝐶2 − 𝐶1)(𝜎𝑥 − 𝜎𝑦)                            (2.2) 
  
The pressure-induced material birefringence profile inside the wall of capillary 
fibers can be analyzed by using the Lamé solution for the stresses within pressurized 
thick-walled tubes [2.20]. As already mentioned, the stresses inside the capillary fiber 
walls arise from the displacements they experience when pressure is applied to them. For 
a radial position r within the capillary wall, one can obtain the displacement, u(r), by 
using Eq. (2.3) – where rin and rout are, respectively, the inner and outer radii of the tube, 
ν and E are the capillary material Poisson ratio and Young’s modulus (for silica, ν = 0.165 
and E = 72.5 GPa [2.4, 2.23]), pin and pout are the internal pressure applied to the fiber, 
respectively. Due to the symmetry of the problem, the displacement is not dependent on 
the azimuthal coordinate and is a function of the radial position only [2.20]. The 



















 }   (2.3) 
 
 Figure 2.3b presents the displacement profile in the wall of a silica capillary 
(with rin/rout = 0.5) when it is under an external pressure level of 50 bar (5 MPa) and the 
internal pressure is assumed to be 1 bar (0.1 MPa). In the simulation shown, rin = 40 µm. 
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By observing Figure 2.3b plot, it is seen that, in the studied situation, the displacement at 
the inner radius is, in modulus, lower than the one at the outer radius position. It implies 
a decrease in capillary wall thickness as it is schematized in Figure 2.3c (in which the 
inner and the outer wall displacements are represented). 
 
 
Figure 2.3. (a) Schematic of the pressurized capillary fiber with an embedded-core. (b) Displacement as a 
function of the radial position for a capillary fiber with rin = 40 µm and rout = 80 µm (pin = 1 bar and 
pout = 50 bar). (c) Diagram of the capillary walls displacements due to the application of pressure.  
 
 The displacements of the mass elements in the capillary wall allow calculating the 
strains into the structure, which are the derivative of the total deformation to the initial 
dimension of the material body. According to Lamé description, the radial strain, ɛr(r), is 
obtained by solving Eq. (2.4) and the azimuthal strain, ɛθ(r), is accounted by solving 
Eq. (2.5), where u(r) is the displacement as shown in Eq. (2.3) – see Appendix B for a 
detailed explanation. Assuming a capillary with rin = 40 µm and rout = 80 µm undergoing 
an external pressure level of 50 bar, we can obtain the results shown in Figure 2.4a, where 
it can be observed that the radial strain can be either tensile (ɛr(r) > 0) or compressive 
(ɛr(r) < 0). Moreover, we can identify a point of zero radial strain – 𝑟𝜀𝑟=0 , given by 
Eq. (2.6) –, which, for the situation studied in Figure 2.4a (rin = 40 µm, rout = 80 µm, 
pin = 1 bar, pout = 50 bar and ν = 0.165), is calculated to be 46.9 µm. Additionally, it is 
























                          (2.6) 
 
 
Figure 2.4. (a) Strain and (b) stress as a function of the radial position inside a capillary with rin = 40 µm 
and rout = 80 µm (pin = 1 bar and pout = 50 bar). Green triangles and dark red circles are the data obtained 
from the COMSOL® numerical model. 
 
 Furthermore, the Lamé solution allows to determine the radial (σr) and 
azimuthal (σθ) stresses which are induced inside the tube wall when hydrostatic pressure 
is applied to the fiber (details in Appendix B). The stresses are a measure of the internal 
forces per unit area that the neighboring volume elements exert on each other. The 
expressions for the stresses are shown in Eq. (2.7) and Eq. (2.8), where rin and rout are the 









































]              (2.8) 
 
 Figure 2.4b presents the results for the radial and the azimuthal stresses behaviors 
along the tube wall (between rin = 40 µm and rin = 80 µm) for the situation in which the 
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fiber is subjected to an external pressure of 50 bar and an internal pressure of 1 bar. As 
expected, the absolute value of the radial stress at the outer radius assumes the external 
pressure value (pout = 50 bar = 5 MPa), while, at the inner radius position, the radial stress 
assumes the internal pressure value (pin = 1 bar = 0.1 MPa), which are boundary 
conditions of the problem. Additionally, numerical results obtained from a finite-element-
based model built using the COMSOL® software are also exposed in Figure 2.4b (green 
triangles and dark red circles). Analytical and numerical results are seen to be very 
similar. 
 The stresses expressed in polar coordinates (σr and σθ) can be readily written in 
rectangular coordinates (σx and σy) by using the transformations presented in Eq. (2.9) 
and Eq. (2.10) [2.20]. To obtain σx and σy along the horizontal axis, we simply set θ = 0 
to conclude that σr = σx and σθ = σy. 
 
𝜎𝑥 = 𝜎𝑟 cos
2 𝜃 + 𝜎𝜃 sin
2 𝜃                                         (2.9) 
 
𝜎𝑦 = 𝜎𝑟 sin
2 𝜃 + 𝜎𝜃 cos
2 𝜃                                       (2.10) 
 
 Therefore, by recognizing that, along the horizontal axis, σx is expressed by 
Eq. (2.7) and σy by Eq. (2.8), and by substituting these results into Eq. (2.2), we can write 
Eq. (2.11), which accounts for the material birefringence at a position x along the 
horizontal axis inside the capillary fiber wall. To obtain Eq. (2.11), it was assumed that 
nx0 and ny0 are equal (no birefringence under no stress). Moreover, we have defined the 
gauge pressure as 𝑝𝑔𝑎𝑢𝑔𝑒 ≡ 𝑝𝑜𝑢𝑡 − 𝑝𝑖𝑛. 
 










                    (2.11) 
 
 Figure 2.5a is obtained by plotting, for pgauge = 50 bar, the material birefringence 
absolute value as a function of the position on the horizontal axis for capillaries with 
different rin/rout ratio values (but with the same value for the inner radius, 40 µm). Results 
show that when the fiber is subjected to external pressure, the induced material 
birefringence values are greater for thin-walled capillary fibers. Moreover, it can be 
observed that higher material birefringence values are obtained for positions which are 
closer to the inner radius. 
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 Figure 2.5b shows the material birefringence modulus as a function of the position 
on the horizontal axis for a capillary with rin = 40 µm and rout = 80 µm subjected to four 
different pressure levels (20, 30, 40 and 50 bar). It can be observed that, although the 
material birefringence increases for all positions within the capillary wall, the increase 
occurs at different rates – being higher for positions closer to the inner radius and lower 
towards the capillary external side. 
 
 
Figure 2.5. (a) Material birefringence as a function of the position in the horizontal axis for capillaries with 
different rin/rout ratios and (b) for a capillary with rin = 40 µm and rout = 80 µm under increasing gauge 
pressure levels. (c) Material birefringence as a function of gauge pressure at rin = 40 µm, r1/2 = 60 µm and 
rout = 80 µm and (d) for a capillary with rin = 40 µm and rin/rout ratio equal to 0.5, 0.6 and 0.7. 
 
 The different slopes of the material birefringence variation due to external 
pressure application are observed in Figure 2.5c, where we have plotted the material 
birefringence as a function of the pressure for the inner radius (rin = 40 µm), outer radius 
(rout = 80 µm) and middle point of the capillary wall (r1/2 = 60 µm). The slopes ranged 
from 9.3 × 10-12 bar-1 to 2.3 × 10-12 bar-1 along the capillary wall. Additionally, as 
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exposed in Figure 2.5d, the material birefringence was plotted as a function of the applied 
external pressure for capillary fibers with rin = 40 µm but with different rin/rout values. 
This graph allows observing that dBmat/dP is higher for greater rin/rout values. Therefore, 
we can conclude that the material birefringence variations are greater for positions closer 
to the inner side of the capillary and for tubes with thinner walls.   
 
2.2 Modal birefringence dependence on applied pressure 
 
To study the birefringence dependence on the applied pressure in practical 
applications, we explored a configuration in which a high refractive index core is 
embedded into the capillary wall, as presented in Figure 2.3a – the embedded-core 
capillary fiber. The core is a germanium-doped region and has an elliptical shape. Even 
though the material birefringence was investigated in the previous section, it is necessary 
to study its modal behavior. Therefore, the embedded-core fiber structure was simulated 
in COMSOL® and its modal birefringence dependency on the applied pressure was 
attained. The numerical results were obtained in collaboration with Prof. Dr. Marcos A. 
R. Franco and Mr. Valdir A. Serrão from the Institute for Advanced Studies (IEAv). 
A capillary fiber with rin = 40 µm and rout = 67.5 µm was studied in the numerical 
model. The core was considered to be an ellipse with dimensions of 5.7 µm and 11.4 µm. 
In the simulations, the effective refractive indexes of the x- and y-polarized core modes 
were obtained for different pressure conditions. It allowed to numerically obtain the 
modal birefringence derivative as a function of the applied pressure, dBmodal/dP. We have 
performed the calculation of dBmodal/dP for several positions within the capillary fiber 
wall, as it can be observed in Figure 2.6. The blue region indicates for the capillary the 
capillary wall region and the yellow ellipses stand for the area. Additionally, the insets in 
Figure 2.6 show the core position (dark blue ellipses) inside the capillary wall for selected 
points in Figure 2.6 plot. 
In Figure 2.6, it is seen that when the entire core area is inside the capillary wall, 
the dBmodal/dP behavior is analogous to that of the material birefringence case – increasing 
values towards the inner side of the capillary. As the core approaches the inner or outer 
wall, part of its area can be outside the capillary structure (see representations in Figure 
2.6 insets). It entails decreasing dBmodal/dP values. Therefore, it is recognized that, to 
obtain an optimized birefringence dependence on pressure variations, it is crucial to 
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totally embed the core region inside the capillary fiber wall. As we could predict from the 
analytical simulations, the greatest dBmodal/dP values are obtained for core positions closer 
to the inner wall. 
 
 
Figure 2.6. Modal birefringence derivative with respect to pressure, dBmodal/dP, as a function of the core 
position inside the capillary wall. The blue region stands for the capillary wall regions and the yellow 
ellipses illustrates the core area. The insets represent the core location inside the capillary fiber. 
 
2.3 Fiber fabrication 
 
To obtain an experimental realization of the proposed structure, a capillary fiber 
with an embedded core was fabricated (embedded-core fiber). To obtain such a fiber, 
initially, a germanium doped rod is reduced from its initial diameter (21 mm) to the 
thickness of 0.8 mm (Figure 2.7a). In sequence, the thinned germanium doped rod is 
merged to a silica tube, by using a flame from a blowtorch (Figure 2.7b). The resulting 
preform is inserted into a jacketing tube as it is represented in Figure 2.7c, causing the 
core region to be located in between the inner tube and the jacketing one. In the last step, 
the resulting fiber preform is directly drawn to fiber’s final diameter in an optical fiber 
tower drawing facility. All the fabrication steps were performed by us at Unicamp. 
During the fiber drawing process, vacuum is applied in the space between the 
tubes, allowing them to merge. In the merging process, the core is compressed and, in the 
final fiber, it acquires an elliptical shape. When preparing the preform, an adequate choice 
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of the germanium-doped rod and tubes dimensions allows attaining the desired core 
position within the capillary wall.  
 
 
Figure 2.7. (a) Germanium-doped silica preform. (b) Merging and (c) jacketing procedure diagram. 
 
Figure 2.8a shows the cross-section of the embedded-core fiber obtained by 
following the steps described above. The capillary diameters are 40 µm and 100 µm, the 
distance between the center of the fiber and the core position is 35 µm and the core 
dimensions are 11 µm and 3.5 µm. To obtain such a fiber, one employed, in the preform 
preparation process, an inner tube with dimensions of 9.5 mm × 11.5 mm and a jacketing 
tube with dimensions of 18 mm × 20 mm.  
Additionally, to have another fiber for comparison, we have performed the 
fabrication of a fiber in which the core was placed on the fiber outer surface – this 
structure was named surface-core fiber. In this fiber, the capillary inner diameter is 
80 µm, the outer diameter is 140 µm and the core dimensions are 6 µm and 9 µm. Its 
cross-section is presented in Figure 2.8b. To obtain the surface-core fiber, the jacketing 
procedure is not necessary and the fiber is drawn directly from the preform obtained after 
merging the germanium-doped core to the supporting tube. In Chapter 3, one will discuss 





Figure 2.8. (a) Embedded-core fiber cross-section and enlargement of the core region. (b) Surface-core 
fiber cross-section and enlargement of the core region. 
 
It is worth emphasizing that all the steps in embedded-core and surface-core fiber 
fabrication procedures are straightforward. It allows recognizing that these fibers 
fabrication process is much simpler than the ones for other specialty fibers such as 
photonic-crystal fibers. As mentioned in Chapter 1, for example, to obtain photonic-
crystal fibers, stack-and-draw procedure is often employed. In this technique, numerous 
tubes and rods are drawn and, in sequence, manually assembled in a preform stack. The 
following steps comprehend jacketing processes which are done to obtain the desired 
proportion between core and cladding sizes. Therefore, although convenient, stack-and-
draw procedure is very time consuming and demands much technical effort. 
 
2.4 Pressure-sensing measurements and performance analysis 
 
To characterize the sensitivity of the fibers to external pressure variations, we have 
used the so-called polarimetric wavelength scanning method [2.16]. As explained in the 
first part of this chapter, in this method, a broadband light source is used for launching 
light into the optical fiber and two polarizers are used for exciting the two orthogonal 
modes of the birefringent fiber and for recombining the orthogonal optical modes that 
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traveled along the fiber. An optical spectrum analyzer is used to measure the transmitted 
light and a pressure chamber is used to subject the fiber to different external pressure 
levels. Here, we used the experimental setup schematized in Figure 2.2. 
 In order to measure the sensitivity coefficient, CS, for the embedded-core capillary 
fiber, the spectral response of the embedded-core fiber was measured as it was subjected 
to pressure variations. Figure 2.9a shows the resulting spectra. It can be observed that the 
fringes blueshift when the pressure is increased. In Figure 2.9b, the wavelength shift due 
to pressure application to the embedded-core fiber is presented as blue squares. In the 
measurements, the embedded-core fiber length was (36.0 ± 0.1) cm and the pressurized 
fiber length was (12.0 ± 0.1) cm. The red circles in Figure 2.9b represents the pressure-
sensing results for the surface-core fiber. In the experiments with the surface-core fiber, 
the fiber length was (32.0 ± 0.1) cm and the pressurized fiber length was (12.0 ± 0.1) cm. 
The measured data, allowed obtaining, after fitting the experimental points, a sensitivity 
coefficient CS
experiment = (0.345 ± 0.002) nm/bar for the embedded-core fiber and a 
sensitivity coefficient CS
experiment = (0.160 ± 0.004) nm/bar for the surface-core fiber. 
 
 
Figure 2.9. (a) Spectral response of the embedded-core fiber for different external pressure levels. 
(b) Wavelength shift as a function of the applied pressure for the surface-core and embedded-core fibers. 
 
Before performing the comparison between the experimental sensitivity values 
expressed above, it is necessary to correct them by a factor LP/L (L: fiber length; LP: 
pressurized fiber length) [2.24]. It must be made since CS value refers to a situation in 
which the whole fiber length is pressurized. As one has pressurized a fraction of the fiber 
length, LP, this correction necessary. Therefore, after performing the correction, we could 
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obtain the following sensitivity coefficients (CS
corrected): (1.04  0.01) nm/bar for the 
embedded-core fiber and (0.43  0.01) nm/bar for the surface-core fiber. 
By observing the results, we can realize that an enhancement in fiber pressure 
sensitivity was achieved when the core was placed within the capillary wall. Comparing 
the two corrected values, it is seen that the embedded-core fiber sensitivity is 2.4 times 
higher than the one presented by the surface-core fiber. It corroborates our simulation 
results: a maximized sensitivity could be obtained for a fiber in which the core was placed 
inside the capillary fiber structure. 
As the sensing measurements are based on accounting the spectral dips’ shift as a 
function of the applied pressure, we can analyze that the dynamic range of the sensor is 
determined by the dips spectral separation, i.e. its free spectral range (FSR). It is because, 
in a practical measurement, if a dip reaches the spectral position of a neighboring one, 
misinterpretation in sensor reading can occur. In the measurement presented in 
Figure 2.9a, the free spectral range can be estimated to be FSR = 14.2 nm. This would be 
the maximum wavelength shift that, in a practical application and without any extra data 
processing, could provide an unequivocal response for the sensor. Using the sensitivity 
coefficient CS accounted directly in the measurement, one can estimate the measurement 
dynamic range as approximately 42 bar – what could make the sensor suitable for 
submarine measurements at depths variations up to ~400 m. In this context, it is worth 
emphasizing that although we estimate a 42 bar dynamic range for practical applications, 
data up to 80 bar could be measured since, in our experiments, we carefully followed the 
dips spectral position as a function of pressure.  
Moreover, it should be analyzed that the measurement dynamic range can be tuned 
by adjusting the fiber length. It happens because, in the polarimetric wavelength scanning 
method, the increase in fiber length causes the dips to be spectrally closer in the 
transmission spectrum (thus reducing the FSR and the dynamic range). Alternatively, if 
a shorter fiber is used, the FSR will be greater and, therefore, the dynamic range too. For 
example, if in a specific application fiber length was 2 cm, its dynamic range would be in 
the order of 300 bar. In this configuration, the sensor could be appropriate for petroleum 
exploration applications. 
To illustrate the variation of the dips spacing for varying fiber lengths, we provide 
in the following the results for the transmission spectrum accounted by using Jones 
matrices formalism for predicting the system’s optical response [2.24]. In the simulations, 








) 𝑅(𝛿), with 𝑅(𝛿) = (
cos 𝛿 sin 𝛿
− sin 𝛿 cos 𝛿
), where 𝑖 = 1, 2 and 𝛿 = 𝜃, 𝛼 (the 
polarizer angles). The F matrix represents the birefringent fiber and is calculated by 
making 𝐹 = (
1 0
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)]), where L is the fiber length, G is the group 




). The results for the transmission spectrum as the fiber length is varied are 




Figure 2.10. Jones matrices-based simulation results for sensor transmission spectra for varying fiber 
lengths. 
 
Regarding sensor’ resolution, it can be observed that it is determined by the widths 
of the spectral dips observed in the polarimetric measurement. In the measurement shown 
in Figure 2.9a, the dip’s FWHM (full width at half maximum) can be estimated as 
Δλ = 6 nm. Assuming one can resolve two spectral dips if they are, at least, 
Δλ/50 ≈ 0.1 nm apart from each other, the sensor resolution limit can be estimated as 
0.3 bar (calculated by multiplying the least resolvable wavelength shift by the sensitivity 
coefficient CS accounted directly in the measurement). 
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 We simulated, using Jones matrices formalism, this wavelength shift (Δλ/50) for 
a 12 cm long fiber (FWHM ≈ 20 nm) and for a 5 cm long one (FWHM ≈ 50 nm). Results 
are shown in Figure 2.11. Using the simulated data, the resolution limit for the 12 cm long 
fiber can be calculated to be 0.4 bar while for a 5 cm long it is 1.0 bar (here, the Δλ/50 
wavelength shift was multiplied by the experimental CS value). 
 
 
Figure 2.11. Δλ/50 wavelength shifts for fibers (a) 12 cm and (b) 5 cm long. 
 
 Additionally, numerical simulations on the fiber sensitivities were performed. The 
simulated sensitivity values for the embedded-core and surface-core fiber were attained 
by using COMSOL® mechanical and optical analyses. To obtain the most verisimilar 
analysis possible, realistic models based on microscopy images were created.  
Initially, based on the obtained effective refractive indexes for the orthogonal 




. Moreover, the fiber group birefringence, G, were estimated by 
using 𝐺 = 𝐵 − 𝜆
𝜕𝐵
𝜕𝜆
, where B is the phase birefringence and λ is the wavelength. The 
attained values for 
𝜕𝐵𝑚𝑜𝑑𝑎𝑙
𝜕𝑃
 and G were substituted in Eq. (2.1) and the sensitivity 
coefficient could be calculated to be 0.89 nm/bar for the embedded-core fiber and 
0.50 nm/bar for the surface-core fiber. We could, therefore, observe a good agreement 
between simulated and experimental data – (1.04  0.01) nm/bar for the embedded-core 
fiber and (0.43  0.01) nm/bar for the surface-core fiber. 
Moreover, as the proposed fibers are endowed with a germanium-doped region 
which acts as the fiber core, temperature sensitivity is expected in these fibers. It arises 
from the fact that undoped and doped silica present different thermal expansion 
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coefficients. Thus, temperature variations induce stresses within the fiber structure 
leading to birefringence variations [2.13]. To estimate their temperature sensitivity, the 
fibers were subjected to temperature variations whereas their spectral response were 




 = (2.8 ± 0.1) × 10-7 ºC-1 for the birefringence derivative with respect to 
temperature in the embedded core fiber and 
𝜕𝐵𝑚𝑜𝑑𝑎𝑙
𝜕𝑇
 = (4.0 ± 0.4) × 10-7 ºC-1 in the 
surface-core fiber. The obtained results are similar to the ones reported for commercial 
polarization maintaining fiber such as PANDA (4.0 × 10-7 ºC-1) and Bow-tie 




values are higher than the ones reported for specially designed microstructured fibers with 
incorporated germanium-doped core employed in pressure monitoring measurements 
(1.7 × 10-7 ºC-1) [1.18] and for all-silica photonic-crystal fibers (1.1 × 10-9 ºC-1) [1.13]. 
 Therefore, if a practical application is targeted, a temperature compensation 
system would be of interest. It could be accomplished, for example, by performing the 
fabrication of an embedded-core fiber with two cores – placed at different radial positions 
inside the capillary wall – and by imprinting a Bragg grating in each of them. As the core 
of the embedded-core fiber is obtained from a standard optical fiber preform, we can 
expect a Bragg grating temperature sensitivity in the order of 10 pm/oC for both cores, as 
in typical Bragg grating temperature sensors [2.26]. Besides, numerical simulations show 
that, for a capillary structure with 40 µm inner radius and 62.5 µm outer radius, if one of 
the cores has its center placed 2.5 µm from the inner wall (so most of the core area is 
inside the capillary structure; core dimensions: 5.7 µm and 11.4 µm) and the other core 
is placed on the fiber external surface, the pressure sensitivity of a Bragg grating inscribed 
in the core closer to the inner radius would be approximately twice the pressure sensitivity 
for the core on the fiber external surface. Thus, by taking into account the shifts in Bragg 
peaks and associating them to the different pressure sensitivities and similar temperature 
sensitivities, temperature variations could be calculated and the pressure measurement 
from the polarimetric measurement (as described in the paper) could be corrected. 
 Moreover, the off-center position of the core makes necessary to conduct further 
studies on splicing methods and, if practical applications are targeted, additional studies 
on sensor packaging would be necessary. A possible alternative would be inserting the 
sensing fiber into a hollow metallic tube with transversal holes on its side. It would protect 
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the fiber and would still allow the pressure from the external environment to act on the 
fiber. 
 
2.5 Sensitivity comparison and prospects on sensor improvement 
 
The reported results on the embedded-core optical fiber pressure sensitivity allows 
demonstrating that this geometry can be seen as a novel route towards the simplification 
of microstructured optical fiber-based pressure sensors. The measured sensitivity – 
(1.04 ± 0.01) nm/bar – is higher than that of other fiber-based sensors that also uses 
polarimetric measurements. For example, H. Y. Fu et al. showed 0.342 nm/bar for a 
commercial all-silica photonic-crystal fiber [2.13] and T. Martynkien et al. reported 
0.30 nm/bar and 0.52 nm/bar for specially designed microstructured fibers [2.18, 2.19]. 
Moreover, by using Eq. (2.1), it is possible to estimate the embedded-core fiber 
birefringence derivative with respect to pressure, 
𝜕𝐵
𝜕𝑃
, to be (2.33 ± 0.02) × 10-7 bar-1. This 
value is on the same magnitude order as the ones attained for sophisticated 
microstructured fibers whose designs were optimized for pressure sensing. As one 
mentioned in the first part of this chapter, G. Statkiewicz-Barabach et al. reported, for a 
photonic-crystal fiber, the value 
𝜕𝐵
𝜕𝑃
 = 2.52 × 10-7 bar-1 [2.9] and A. Anuskiewicz et al. 




 = 8.89 × 10-7 bar-1 [2.10]. The fabrication procedure of these fibers, however, is 
considerably more complex than the one used for obtaining the embedded-core fiber, 
which involves a relatively simple fiber drawing process. Table 2.1 presents a comparison 
between the parameters of special birefringent optical fibers used for pressure sensing 
purposes. 
Additionally, we can observe that there is still room for enhancing the pressure 
sensitivity by working on the embedded-core geometric dimensions of the non-optimized 
fiber reported herein. To provide a prediction on the sensitivity enhancement, we 
performed analytical simulations of an embedded-core capillary fiber with 70 µm and 
100 µm inner and outer diameters, respectively, and with the core placed 42.5 µm away 
from the fiber center (at the middle point of the capillary wall) – all very realistic 
geometric parameters. The calculated material birefringence derivative with respect to 
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pressure was 3.4 times the value expected for an embedded-core fiber with the same 
dimensions as the one we fabricated. 
 

















(2.33 ± 0.02) (1.04 ± 0.01)  0.3 42 
[2.9] 
 
2.52 0.614 0.07* ** 
[2.10] 
 
8.89 17.8 0.01* ** 
[2.13] 
 
1.71 0.342 0,03 15* 
[2.18] 
 
2.3 0.30 ** ** 
*estimated by us; **information not available. 
 
To evaluate the influence of the elliptical shape on the birefringence and sensor’s 
performance, we performed supplementary numerical simulations using a capillary 
structure with inner radius 40 µm and outer radius 67.5 µm and the core placed at the 
middle point within the capillary wall. In the simulations, the core dimensions were varied 
and the birefringence values were accounted. Moreover, we calculated the modal 
birefringence derivative with respect to pressure, 
𝜕𝐵𝑚𝑜𝑑𝑎𝑙
𝜕𝑃
, and the sensitivity coefficient 
– CS, as in Eq. (2.1) – for each situation. The results are shown in Table 2.2, where we 









Table 2.2. Simulated values for phase birefringence (B), group birefringence (G), phase derivative with 
respect to pressure (dBmodal/dP) and sensitivity coefficient (CS). The values were calculated at λ = 1150 nm, 
compatible with the spectral range measured in the experiments. In the simulations, the capillary structure 
was assumed to have 40 µm inner radius and 67.5 µm outer radius. The core was placed at the middle point 








|B| (× 10-4) 
Group 
birefringence, 
|G| (× 10-4) 
|dBmodal/dP| 





4 × 12 0.33 1.63 2.46 5.72 2.7 
4 × 8  0.50 0.95 1.67 5.81 4.0 
4 × 5  0.80 0.24 0.41 5.88 16.5 
 
 
 The sensitivity coefficient (CS), however, can be increased if the fiber core is more 
symmetric and presents a lower group birefringence – as expected from Eq. (2.1). As can 
be observed in Table 2.2, the CS value for a core with dimensions 4 µm × 5 µm is 
estimated to be approximately 6 times higher than the CS value for a core with dimensions 
4 µm × 12 µm (data found for an embedded-core fiber with inner radius 40 µm, outer 
radius 67.5 µm and the core placed at the middle point within the capillary wall). 
Additional experimental work should be performed in order to obtain cores with lower 
geometric asymmetry. A possible approach would be to include, during the embedded-
core fiber preform preparation, additional silica rods between the inner tube and the 
jacketing tube – Figure 2.12. It would possibly avoid the core compression during the 








 Therefore, one can underline that, in this chapter, a new route for the 
simplification of microstructured optical fiber-based sensor was proposed by studying the 
photoelastic effect in capillary fibers. Initially, we have provided an analytical description 
of the pressure-induced material birefringence inside the walls of the capillary fibers, 
whose results showed that the material birefringence dependence on pressure is enhanced 
for thinner capillaries and for positions closer to their inner walls. Moreover, numerical 
simulations were performed and the obtained data confirmed the analytical model 





 Furthermore, the fabrication of an embedded-core fiber was reported. In sequence, 
the fiber was characterized in pressure-monitoring experiments and showed sensitivity 
levels which are similar to the ones reported for complicated and specially designed fiber 
structures. It allows visualizing the embedded-core fiber as a very interesting platform 
able to considerably simplify the design of microstructured optical fiber pressure sensors. 
 The results from the investigation described in this chapter were presented at the 
IX Iberoamerican Optics Meeting & XII Latinoamerican Meeting on Optics, Lasers and 
Applications (RIAO/OPTILAS) [2.27] and were published as a journal paper in Scientific 
Reports (Nature Group) [2.28]. Moreover, a Brazilian patent will be written on this topic.  
Additional developments on the use of the embedded-core fiber for temperature 
sensing (by performing a metal-filling post-processing) were also studied in collaboration 
with Mr. Giancarlo Chesini and the results were presented in the III International 
Conference on Applications of Optics and Photonics [2.29]. Additionally, a journal 
article will be submitted to IEEE Sensors Letters [2.30]. A description of this research is 









Sensing with surface-core fibers 
 
In the last chapter, we proposed the embedded-core fiber as a new platform to 
significantly simplify the design of microstructured fiber-based pressure sensors. When 
analyzing the performance of the sensors, we studied a structure denominated surface-
core fiber (which references a structure in which the core is placed on the external surface 
of the fiber) to provide a comparison between the pressure sensitivities. In the present 
chapter, we propose additional sensing opportunities for the surface-core fibers by 
employing them in refractive index and curvature sensing. As it will be discussed in the 
following, the core position allows the interaction between the guided mode’s evanescent 
field and the external medium, causing the fiber to be sensitive to external refractive index 
changes. Additionally, off-center core position allow curvature probing as will be 
described in the following.  
Several fiber sensors have already been described to be able to sense refractive 
index variations. Long-period gratings [3.1, 3.2], multimode interferometers [3.3, 3.4] 
and birefringent microfibers [3.5, 3.6] are some examples of technologies which can be 
employed to turn optical fibers sensitive to refractive index changes in the external 
medium. Sensitivity values ranging from hundreds to thousands of nanometers per 
refractive unit (nm/RIU) are reported for fiber sensors based in these techniques.  
Regarding curvature measurements, long-period gratings and multimode 
interferometers are once again useful technologies [3.7, 3.8]. Besides, it is also possible 
to employ Bragg gratings inscribed in multicore fibers to turn the optical response of the 
setups sensitive to curvature orientation [3.9-3.11]. 
In this chapter, a study on Bragg gratings inscribed in surface-core optical fibers 
and the application of the same in refractive index and curvature sensing is described. To 
our knowledge, near-surface-core fibers have been reported for the first time in [3.12] by 
C. Guan et al., who theoretically studied its sensitivity to external refractive index 
variations (Figure 3.1a and Figure 3.1b shows pictures of the fibers studied by C. Guan 
et. al in [3.12]) by approaching the interaction between the guided mode evanescent field 
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and the external medium. In the investigation reported in [3.12], there was no study on 
the inscription of Bragg gratings in surface-core fibers. An analogous configuration for 
studying the interaction of the optical mode evanescent field and samples of interest for 
sensing purposes uses a hollow fiber (eccentric-suspended-core hollow fiber), as 
presented Figure 3.1c [3.13]. In this configuration, the sample under test can be confined 
inside the fiber, what can be useful for gas sensing [3.13]. 
 
 
Figure 3.1. (a) and (b) Near-surface-core fibers studied by C. Guan et al. (Adapted from [3.12]). 
(c) Eccentric-suspended-core hollow fiber [3.13]. 
 
The investigation which will be reported in this chapter ranges from fiber 
fabrication and characterization to the performance of simulations, the imprinting of 
Bragg gratings and the realization of experimental measurements for refractive index and 
curvature sensing. For the refractive index sensing experiments, sensitivities as high as 
40 nm/RIU were attained for refractive index variations around 1.42 RIU. Other 
refractive index fiber Bragg gratings-based sensors described in literature, for example, 
reports sensitivity values which ranges from 15 nm/RIU to 30 nm/RIU [3.14-3.16]. 
Moreover, it will be reported that the optical response of the Bragg gratings in 
surface-core fibers is dependent on curvature magnitude and direction. For curvature 
monitoring measurements, a maximum sensitivity of 202 ± 3 pm/m-1 was obtained. This 
value is two times larger than the value reported for similar fiber Bragg gratings-based 
sensors reported in literature [3.9-3.11]. 
 
3.1 Fiber Fabrication 
 
In surface-core fibers’ design, the core region is placed on fiber’s external surface. 
The fabrication of the fiber is simple and follows the same process described in the last 
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chapter. As in this chapter one targets the realization of refractive index measurements, 
we carried on an additional step for getting rid of the silica layer in the germanium-doped 
silica preform (see Figure 2.7a). It is done by inserting the preform in a hydrofluoric acid 
(HF) bath. During the etching process, the diameter decreases from 0.8 mm to 0.65 mm, 
what causes the silica layer (represented in Figure 2.7a) to be removed. Getting rid of the 
silica layer is important for refractive index sensing tests because, in the final fiber, the 
guided mode will directly interface the external medium and, therefore, a more effective 
interaction between the same and the external medium will be observed. The following 
steps are the same that the ones described in Chapter 2. Figure 3.2a shows the surface-
core fiber cross-section and Figure 3.2b shows a zoom in the core region. 
 
 
Figure 3.2. (a) Surface-core fiber cross-section. (b) Zoom in the core region. 
 
3.2 Fiber Bragg gratings in surface-core fibers 
 
Bragg gratings were imprinted in surface-core fibers by the employment of phase-
mask technique. In this method, light from an UV laser (in our laboratory, at 266 nm) is 
shone on a phase-mask and an interferometric pattern is created on the fiber (Figure 3.3a). 
As the germanium doped region of the fiber (the core) is photosensitive (i.e. its refractive 
index is permanently altered when it is exposed to light at an appropriate wavelength), a 
longitudinal modulation in fiber core’s refractive index can be obtained and, thus, the 
condition for obtaining a Bragg grating can be achieved. [3.18] 
Figure 3.3b illustrates the setup for obtaining Bragg gratings and for monitoring 
its spectral response in reflection. It is worth observing that a cylindrical lens is used to 
focus the UV laser beam on the fiber during the grating inscription process. To monitor 
the Bragg grating spectrum in real-time, a connectorized singlemode fiber was butt-
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coupled to the surface-core fiber. A small amount of glycerin was used in the coupling 
for reducing Fresnel’s reflections at the fiber ends so the background noise could be 
lowered. In addition, a CCD camera was used to image the fiber end to observe the 
illumination conditions. By observing the CCD camera image, it was possible to find the 
core position and to optimize the coupling of light to the surface-core fiber. 
 
 
Figure 3.3. (a) Representation of the interferometric pattern generated by the phase mask for Bragg gratings 
imprinting [3.17]. (b) Schematic diagram of the grating imprinting setup and for optical response 
monitoring. M1 and M2: mirrors; CL: cylindrical lens; PM: phase mask; OL: objective lens. 
 
The Bragg gratings were imprinted with enough reflectivity to be observed in 
reflection. Figure 3.4a presents the spectrum (measured by using a FS2200 Industrial 
BraggMETER from FiberSensing) of a FBG imprinted in a surface-core fiber by the 
employment of a phase mask with pitch 1062.65 nm (the spectrum is normalized for better 
visualization). The tested fibers were maintained under tension during the performance 
of the experiments. During the development of the research project, the gratings were 
imprinted by Mr. Ricardo Oliveira (from the Institute of Telecomunications, IT, Aveiro, 
Portugal) and Mr. Stenio Aristilde (IFGW, Unicamp). 
 
3.3 Refractive index sensing 
 
As in surface-core fibers light propagation takes place at fiber external boundary, 
the guided mode evanescent field permeates the medium which surrounds the fiber. 
Therefore, one can expect the core mode effective refractive index to be dependent on 
external refractive index changes. Since the Bragg peak spectral position is determined, 
besides grating pitch, by the effective refractive index of the optical mode – see 
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Eq. (1.1) –, Bragg peak shifting is expected if the external refractive index is altered. 
Hence, by monitoring Bragg peak spectral position as a function of the external refractive 
index, a refractive index sensor can be attained. 
For testing Bragg gratings in surface-core fibers sensitivity to external refractive 
variations, the fibers were immersed in solutions of water and glycerin at different 
concentrations and the Bragg peak spectral position was monitored. Experiments 
demonstrated, however, a very low sensitivity to external refractive index changes 
(0.07 nm/RIU). It can be verified by observing the very small wavelength shift in Bragg 
grating spectral peak shown in Figure 3.4a. Thus, to enhance the configuration’s 
sensitivity, tapers from surface-core fibers were prepared prior to Bragg gratings 
inscription. The tapered fibers were prepared by ‘flame-brushing’ technique, as described 
in Chapter 1, and the grating imprinting was performed by using the same phase-mask 
technique. 
The reduction in fiber diameter causes the mode area to increase and, therefore, 
the mode effective refractive index value will be more sensitive to external refractive 
index variations [3.15]. Thus, Bragg gratings in tapers with diameters 80 µm and 20 µm 
were prepared. The resulting reflection spectra for varying external refractive indexes, 
next, are shown in Figure 3.4b and Figure 3.4c (spectra are normalized for better 
visualization). It is worth emphasizing that a phase mask with pitch 1075.34 nm was used 
for imprinting the grating in the 80 µm thick fiber taper and a phase mask with pitch 
1071.2 nm was used for inscribing the grating in the 20 µm taper. It implied in different 
spectral positions for the Bragg peak in the tapers spectra. Furthermore, as the core mode 
in the 20 µm taper has a greater portion of its evanescent field in the external medium 
than the 80 µm taper, the mode in the 20 µm taper has a lower effective refractive index 
than the mode in the 80 µm taper [3.15]. For a mode with lower effective refractive index, 
its correspondent Bragg peak is expected to appear at a lower wavelength, as can be 
verified by Eq. (1.1). 
Additionally, in the spectra shown in Figure 3.4b, we can observe two peaks 
separated by a spectral distance of 0.23 nm. As a hypothesis, we can propose that it may 
have happened due to a possible geometric deformation of the fiber during the tapering 
process, which may have induced a birefringence level to the fiber. If this hypothesis is 






Figure 3.4. Surface-core Bragg gratings spectra in (a) untapered fiber, (b) 80 µm and (c) 20 µm thick fiber 
taper as a function of the external refractive index, next. (d) Bragg wavelength shift as a function of the 
external refractive index; dashed lines: simulation results.  
 
In Figure 3.4d, the Bragg wavelength shift as a function of the external refractive 
index is shown (for untapered and tapered fibers). Data for the untapered fiber is presented 
as black circles and the results for the 80 µm and 20 µm tapers as red triangles and blue 
squares, respectively. It can be noted a greater wavelength shift for the tapered fibers due 
to the more significant interaction between the core mode evanescent field and the 
external medium. The sensitivity value for refractive index variations around 1.42 RIU 
could be measured as 8 nm/RIU for the 80 µm taper and 40 nm/RIU for the 20 µm taper 
(Figure 3.4d). Furthermore, it is possible to estimate, if an optical spectrum analyzer with 
10 pm spectral resolution is employed, the maximum resolution of 2.5 × 10-4 RIU. 
The maximum sensitivity attained in the experiments reported in this chapter, 
40 nm/RIU for a Bragg grating inscribed in a 20 µm thick fiber taper, compares well with 
other results published by authors who also studied the FBG’s fundamental mode peak 
wavelength shifts. In [3.14], for example, the authors reported a sensitivity of 15 nm/RIU 
for a Bragg grating inscribed in a taper 6 µm thick tested in the refractive index range 
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between 1.326 and 1.378 RIU. In addition, in [3.15], a 30 nm/RIU sensitivity was found 
for an 8.5 µm taper in the same refractive index range. Thus, we can observe that we 
could achieve similar sensitivity values for thicker fiber tapers, which implies in sensor 
robustness enhancement. It is worth saying that we could obtain this sensitivity values 
with thicker tapers because, in fact, although the taper structure is thicker, the core region 
dimension is comparable to the sensors reported by other authors (in the 20 µm thick 
surface core fiber taper we reported herein, we estimate that the core diameter is around 
2 µm). 
Greater sensitivity values (in the order of hundreds or thousands of nanometers 
per RIU), however, are reported in the literature for setups which employ other fiber 
optics technologies such as interferometers [3.19, 3.20] and plasmonic devices [3.21]. 
Furthermore, other researchers also explored Bragg gratings in microfibers and published 
the results in the literature. For instance, in [3.22] and [3.23], FBG’s higher order modes 
peaks were monitored and sensitivities as high as 92 nm/RIU and 102 nm/RIU, 
respectively, could be measured around 1.38 RIU. In [3.22], the authors employed a fiber 
taper 7 µm thick and, in [3.23], a 6 µm taper was used. Besides, a sensitivity of 660 
nm/RIU around 1.39 RIU could be found in [3.24], where the researchers analyzed a FIB-
milled Bragg grating in a 0.9 µm taper (FIB: focused ion beam). All these results were 
obtained, however, for very thin fiber tapers, which reduces sensor robustness. 
 
3.4 Fiber simulation 
 
The fiber structure was numerically simulated for corroborating the experimental 
results. Initially, the fiber cross-section was drawn in a vector graphics editor 
(CorelDraw) so one could obtain a realistic reproduction of the surface-core fiber 
geometric characteristics. In sequence, the drawing was imported into a commercial 
finite-element-based software (COMSOL®) for optical mode analysis. 
Surface-core fibers’ core region is germanium-doped and the refractive index 
profile is graded. In order to characterize the germanium concentration along the core, 
energy-dispersive X-ray spectroscopy (EDS) was performed. The right axis of the graph 
shown in Figure 3.5a shows the results for germanium concentration along the core 
obtained from EDS technique (Appendix C describes the procedure for attaining this 





Figure 3.5. (a) Core refractive index and germanium concentration profile. (b) Simulated data for the 
fundamental mode effective refractive index as a function of the external refractive index.  
 
To account for the refractive index profile along the core, we have employed 
Eq. (3.1), which allows obtaining the refractive index, n, of a germanium-doped silica 
glass at a concentration X and at a wavelength λ [3.25]. SAi and SLi are the Sellmeier 
coefficients for silica (SiO2) and GAi and GLi are germanium dioxide’s (GeO2) ones. SAi, 
SLi, GAi and GLi values can be found in Table 3.1. 
 






𝑖=1                                 (3.1) 
 
Table 3.1.  Sellmeier coefficients for silica (SAi and SLi) and for germanium dioxide (GAi and GLi) [2.25]. 
SA1 SA2 SA3 SL1 (µm2) SL2 (µm2) SL3 (µm2) 
0.69616630 0.40794260 0.89747940 0.06840430 0.11624140 9.8961610 
GA1 GA2 GA3 GL1 (µm2) GL2 (µm2) GL3 (µm2) 
0.80686642 0.71815848 0.85416831 0.06897260 0.15396605 11.841931 
 
By employing Eq. (3.1) and considering the germanium concentration distribution 
obtained from EDS technique, we could obtain the core refractive index profile, as shown 
in the left axis in Figure 3.5a. A Gaussian function was chosen to fit the experimental 
data and the adjusted curve (red line in Figure 3.5a) was used to define the core refractive 
index in simulations. 
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 In the simulations, we obtained the effective refractive index of the fundamental 
core mode as a function of the external refractive index. Figure 3.5b shows the simulated 
data for the core mode effective refractive index in the untapered surface-core fiber and 
in the 80 µm and 20 µm tapers. Data from Figure 3.5b allows predicting, via the Bragg 
grating phase matching condition – Eq. (1.1) – the Bragg wavelength shift as the 
refractive index of the external refractive medium is varied. This calculation results are 
show as dashed lines in Figure 3.4d, where a good agreement between simulated and 
experimental data can be verified. 
 
3.5 Directional curvature sensing 
 
As in surface-core fibers the core region is out of fiber’s center of symmetry, 
directional curvature sensing can be thought as an additional opportunity for the use of 
surface-core fibers. Directional curvature monitoring is possible since, depending on 
curvature orientation, the fiber core experiences compression or expansion (Figure 3.6a). 
Thus, to attain a configuration in which curvature variations could be measured, a setup 
as represented in Figure 3.6b was employed. Firstly, the surface-core fiber with a Bragg 
grating was fixed between two rotator fiber holders under a straight condition. One of the 
supports on which the fiber was fixed was coupled to a motorized stage. The linear 
movement of the motorized stage towards the fixed one allowed the creation of curvature 
increments. 
Curvature bending, C, is obtained by taking the inverse of the curvature radius, R, 
as shown in Eq. (3.2). Moreover, Eq. (3.2) also shows that the radius of curvature can be 
associated to the displacement from the straight position, h. Here, we consider that the 
length of the bent fiber section is 2L [3.26]. In Figure 3.6b, a representation of the 








                                                 (3.2) 
 
In order to measure directional curvature variations, one took care in order to 
ensure that curvature increments were being generated in the right direction. Thus, one 
limited the fiber movement to be described along a single axis by keeping the fiber in 
between two plastic boards, following the procedure described in [3.26]. In addition, care 
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was also taken to define the core orientation for the measurements. It was done by 
projecting the core image into a CCD camera associated to a beam profiler software. By 
monitoring the core image while the two fiber holders were rotated by the same angle, 
the core orientation could be adjusted conveniently (Figure 3.6b). 
 
 
Figure 3.6. (a) Depending on curvature direction, the FBG is submitted to extension or compression 
situations. (b) Curvature measurement setup. R: curvature radius; 2L: bent fiber length; h: distance from 
the straight position. 
 
Both compression and expansion of the core introduces strain levels in the core. 
The induced strain, ε, is directly proportional to the curvature magnitude, C, for a specific 
distance y from the neutral axis (geometric center of the structure), as can be observed in 
Eq. (2.3) [3.27]. Negative sign for the strain value represents compression and positive 
sign stands for expansion. A demonstration for Eq. (3.3) can be found in Appendix D. 
 
𝜀 = 𝑦 𝐶                                                      (3.3) 
 
 As the introduction of a strain level in a fiber structure imply in variations in both 
its refractive index (via strain-optic effect) and length, the spectral response of a Bragg 
grating shifts when the fiber is subjected to strain increments, as can be expected from 
Bragg gratings phase matching condition – Eq. (1.1). By working out the derivative of 
Eq. (1.1) with respect to the strain – see Appendix D –, we can find Eq. (3.4), which 
accounts for the spectral shift of the Bragg peak, ΔλB, as a function of the applied strain, ε. 
In Eq. (3.4), Pε is silica photoelastic coefficient (Pε = 0.22), λB is the Bragg peak spectral 
position, C is the curvature and y the position from fiber’s neutral axis. We can, therefore, 




Δ𝜆𝐵 = (1 − 𝑃𝜀)𝜆𝐵𝜀 = [(1 − 𝑃𝜀) 𝜆𝐵 𝑦] 𝐶                       (3.4) 
 
 For probing the optical response of Bragg gratings inscribed in surface-core fibers 
to curvature increments, four configurations were tested. The configurations differed 
from each other by core orientation and curvature direction, as summarized in Figure 3.7. 
Data represented as green squares references the situation in which the grating was under 
expansion and data represented as blue triangles stands for the situation in which the 
grating was compressed due to curvature. Data presented as red circles and pink rhombs 





Figure 3.7. Directional curvature sensing results. Green squares stand for the FBG under extension and 
blue triangles for the FBG under compression. Red circles and pink rhombs represents de results measured 
after the fiber were rotated by 90 degrees. R: curvature radius. Spectra show the Bragg peak behavior in 
expansion (top spectra) and compression (bottom spectra) experiments.  
 
 
 By observing Figure 3.7, it is possible to check that grating expansion caused, as 
expected, the Bragg peak spectral position to redshift (shift towards longer wavelengths; 
positive wavelength shift). Grating compression, in turn, causes Bragg peak position to 
blueshift (shift towards lower wavelengths; negative wavelength shift). The difference 
between wavelength shifting behavior shows the possibility of employing Bragg gratings 
in surface-core fibers for directional curvature monitoring. 
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 Results obtained for the situation in which the fiber was rotated (red circles and 
pink rhombs in Figure 3.7) followed the expected behavior as well, since no curvature 
sensitivity is expected when the core is on the fiber’s neutral axis [3.26]. The small 
wavelength shift one have observed (0.35 nm) are due to possible misalignments between 
the core position and bending plane. 
 By fitting a linear function to the measured data, (188 ± 5) pm/m-1 and 
(- 202 ± 3) pm/m-1 sensitivities could be obtained. The obtained values are high when 
compared to other fiber Bragg gratings-based curvature sensors described in literature – 
which ranges from 50 pm/m-1 to 100 pm/m-1 [3.9-3.11]. Furthermore, the attained 
sensitivity values are higher than the one obtained for Bragg gratings imprinted in 
eccentric core polymer optical fibers – 63.3 pm/m-1 [3.26].  
In other configurations not based in Bragg gratings, higher sensitivity values can 
be reached. For instance, two and three cores optical fibers are reported to provide 
sensitivities as high as hundreds of nanometers per inverse meter [3.29, 3.30]. However, 
by the data reported in [3.29] and [3.30], one can see that the spectral features whose 
wavelength shift is followed in the sensing experiment (spectral dips originated from 
mode coupling between the cores) are much broader than the Bragg peak used herein. 
The spectral dips in [3.29] and [3.30] have full width at half maximum (FWHM) around 
75 nm and 50 nm respectively. The FWHM of the Bragg peak shown in Figure 3.7 is, on 
the other hand, 0.25 nm.  
This large difference between the FWHM has an important impact on the sensor 
resolution. By the data reported by the authors of [3.29], for example, it is possible to 
estimate a resolution limit of 0.01 m-1. Based in our sensor’s results, a resolution limit of 
0.02 m-1 can be calculated. Therefore, it is possible to conclude that the surface-core fiber-
based curvature sensor reported here, although considerably less sensitive than the sensor 
reported in [3.29], provides a similar resolution limit when compared with the optical 
sensor based on a fiber with two cores reported by the authors of [3.29]. 
The results reported in this chapter were presented in the 24th International 
Conference on Optical Fiber Sensors [3.31], where it was laureated with the “Best 
Brazilian Student Paper Award”. Moreover, the results were published as a journal article 








An even simpler structure: antiresonant capillary 
fibers 
 
In the previous chapters, we demonstrated that embedded-core and surface-core 
fibers are interesting platforms for the development of microstructured optical fiber-based 
sensors with simplified designs. In the current chapter, it is our intention to approach an 
even simpler structure: the capillary fibers. Here, differently from the fiber structures 
studied in Chapter 2 and Chapter 3, we studied the transmission of light through the 
capillary fiber hollow core and explored such structure in temperature and pressure 
sensing measurements. 
As commented in Chapter 1, transmission of light through the hollow core of 
capillary fibers occur via the antiresonant reflection mechanism. In this context, the 
capillary wall is thought as a Fabry-Perot resonator. For wavelengths which experiences 
constructive interference in the capillary wall (Fabry-Perot resonances), high 
transmission through the cladding is observed and low transmission through the hollow 
core is, therefore, verified. On the other hand, for wavelengths experiencing destructive 
interference in the capillary wall (Fabry-Perot antiresonances), low leakage through the 
wall is observed and high transmission through the core will be attained. [4.1] 









− 1, as shown in Chapter 1. Analogously, it is possible to obtain 
Eq. (4.1), which accounts for the wavelengths that experiences maximum transmission. 
In Eq. (4.1), n1 is the core’s refractive index, n2 is the capillary wall’s one, d is the 
capillary wall thickness and m is the order of the maximum – a demonstration for Eq. (4.1) 














As the spectral minima and maxima positions are dependent on the hollow core 
and capillary wall refractive indexes, and on the capillary wall thickness, external 
parameters able to alter n1, n2 or d values can be monitored by the observation of the 
changes verified in the capillary fibers spectral responses. For example, a recent report 
on the use of silica capillaries for probing the pressure level in the capillary fiber hollow 
core is available in [4.2]. Additionally, antiresonant silica capillaries have also been used 
for liquid level sensing, as reported by S. Liu et al. in [4.3]. 
Here, we present the use of polymethylmethacrylate (PMMA)-made capillary 
fibers in temperature and external pressure sensing. To study the capillaries as 
temperature sensors, an analytical model was used to describe the spectral response of the 
fibers when subjected to temperature variations. In the pressure sensing studies, we 
employed the Lamé solution for pressurized vessels (as in Chapter 2), to account for 
capillaries thickness variations when pressure is applied to them. Additionally, 
temperature and pressure sensing measurements are provided and the results are 
compared to the predicted by the analytical models. 
  
4.1 Antiresonant capillaries spectrum – analytical model 
 
To study the capillary fibers transmission spectral characteristics, we have 
employed the analytical model described in [4.4], which allows obtaining the power 
transmitted through the capillary as a function of the wavelength. It is worth observing 
that this same model has already been used in [4.5] and [4.6] to account for capillary 
fibers optical losses in visible and terahertz spectral ranges. 
In Figure 4.1a, we represent the capillary structure, which consists simply of a 
tube. Din and Dout are the inner and outer capillary diameters; n1 and n2 are the core and 
the capillary refractive indexes. The model considers that each leaky mode supported by 
the capillary hollow core can be described as a light ray that impinges on the capillary 
wall with an angle of incidence θ1 – Figure 4.1b –, which can be accounted by Eq. (4.2), 
where neff is the effective refractive index of the mode [4.4]. The effective refractive index 
of a specific mode in the capillary hollow core can be obtained by Eq. (4.3), where λ is 





Figure 4.1. (a) Capillary fiber cross-section representation; n1 and n2: core and capillary refractive indexes; 
Din and Dout: inner and outer diameter of the capillary fiber. (b) Light ray schematic of the propagating 






)                                                  (4.2) 
 








                                               (4.3) 
 
 The optical power transmitted through the capillary can be estimated from the 
determination of the incidence angle θ1, as expressed in Eq. (4.4), where Pin is the power 
of the light launched in the capillary hollow core and Pout is the transmitted power after 
propagating a distance L along the capillary, d is the capillary wall thickness, a is the 
hollow core diameter, and Γ is the Fresnel reflection coefficient – Eq. (4.5), written for a 
TE polarized wave [4.4]. The demonstration for Eq. (4.4) is provided in Appendix E. 
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 Figure 4.2a presents the simulated transmission spectrum for a 2 cm long PMMA 
capillary fiber with Din = 160 µm and Dout = 240 µm, where the characteristic spectrum 
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of a antiresonant reflecting waveguide can be checked. In Figure 4.2b, it is showed the 
transmission spectrum between 1558.5 nm and 1562 nm for better visualization of the 
56th order transmission minimum – m = 56 in Eq. (1.7). For this minimum, one calculates, 
by Eq. (4.2) and Eq. (4.3), neff = 0.99997 and θ1 = 89.6
o. In the simulations, PMMA 
dispersion was taken into account by using the Sellmeier coefficients reported in [4.8]. 
 
 
Figure 4.2. (a) Simulated transmission spectrum for a capillary with inner diameter 160 µm, outer diameter 
240 µm and length 2 cm. (b) Transmission spectrum between 1558.5 nm and 1562 nm for better 
visualization of the 56th order minimum (neff = 0.99997 and θ1 = 89.6o). 
  
4.2  Temperature sensing with PMMA antiresonant capillary fibers 
 








− 1 , spectral 
shifting on the minima positions if the capillary wall thickness or refractive index are 
varied. As temperature variations induce changes in both these parameters, capillary 
fibers show itself as an interesting platform for the realization of temperature sensing 
measurements. 
To investigate the capillaries transmission spectrum dependence on temperature 
variations, we evaluated thermal expansion and thermo-optic effect influences separately 
and the resulting effect when they act together. It was performed by including, in 
Eq. (4.4), the capillary wall thickness variation due to thermal expansion (Δ𝑑 = 𝑑𝛼Δ𝑇; 
d: capillary wall thickness; α: PMMA thermal expansion coefficient, 5.5 × 10-5 oC-1 [4.9]; 
ΔT: temperature variation) and the refractive index change due to thermo-optic effect 
(assuming the PMMA thermo-optic coefficient as -1.3 × 10-4 oC-1 [4.9]). 
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In Figure 4.3a, it is presented the behavior of the spectral transmission minimum 
of a 2 cm long PMMA capillary fiber with Din = 160 µm and Dout = 240 µm, when only 
thermal expansion is considered. It can be observed that the spectral position of the 
minimum redshifts as the temperature is increased. In contrast, Figure 4.3b exposes the 
shifting of the same minimum when only the thermo-optic effect is considered – thermal 
expansion neglected. In this situation, there is a blueshift of the minimum spectral position 
for increasing values of temperature. 
 
 
Figure 4.3. Capillary transmission spectra when considering (a) thermal expansion only, (b) thermo- optic 
effect only and (c) both thermal expansion and thermo-optic effect (Din = 160 µm; Dout = 240 µm; 
L = 2 cm). (d) Wavelength shift as a function of the temperature variation. 
 
Additionally, in Figure 4.3c, one shows the situation in which both thermal 
expansion and thermo-optic effect were considered. In this context, blueshift of the 
minimum spectral position is verified. It allows concluding that the thermo-optic effect 
has a greater contribution on the minimum shifting than thermal expansion – which is due 




Furthermore, in Figure 4.3d, a plot of the minimum wavelength shift as a function 
of the temperature variation is presented. Here, we show the wavelength shift when only 
the thermal expansion is considered (red line), when only the thermo-optic effect is 
considered (blue line) and when both the effects are taken into account (purple line). By 
Figure 4.3d, one can predict the temperature sensitivity to be -141.8 pm/oC. 
To accomplish an experimental realization of the configuration studied herein, we 
assembled an experimental setup as depicted in Figure 4.4a. A broadband light source 
(BLS) is coupled to a multimode fiber (MMF) which launches the optical signal into the 
capillary fiber hollow core. A second multimode fiber section is placed at the end of the 
capillary fiber for collecting the light transmitted through the capillary. The power of the 
transmitted signal is measured in an optical spectrum analyzer (OSA). The capillary fibers 
used in this investigation have Din = 160 µm and Dout = 240 µm (cross-section in 
Figure 4.4b) and were produced by Mr. Thiago H. R. Marques in the polymer optical 
fiber tower facility available in our laboratory (Laboratório de Fibras Especiais – LaFE). 
 
 
Figure 4.4. (a) Experimental setup schematic. BLS: broadband light source; MMF: multimode fiber; OSA: 
optical spectrum analyzer. (b) Capillary fiber cross section. 
 
The transmitted power spectrum for a 13 cm long PMMA capillary fiber is 
presented in Figure 4.5a, where the transmission dips can be noted. In Figure 4.5b, we 
present the experimental (red line) and the analytically simulated (blue line) transmission 
spectra in the range between 1500 nm and 1600 nm. It is seen that, in the simulations, the 
minima widths are much thinner than that in the experimental spectrum. We believe the 
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difference in the widths should be due to the multimode characteristics of the capillary 
fiber hollow core – not considered in the analytical model –, and, as the launching of light 
in the capillary is made by using a multimode fiber, the excitation of multiple modes can 
be favored. Additionally, the analytical model does not consider possible geometrical 
imperfections in the capillary fiber (ellipticity and capillary wall thickness variations, for 
example). Further studies are, therefore, necessary to confirm these hypotheses. 
 
 
Figure 4.5. (a) Experimental transmission spectrum for a 13 cm long capillary fiber with Din = 160 µm and 
Dout = 240 µm. (b) Experimental (red line) and analytically simulated (blue line) transmission spectra 
between 1500 nm and 1600 nm. (c) Wavelength shift as a function of the temperature variation. 
 
To obtain the temperature sensitivity value, we placed the capillary fiber on a 
hotplate and the temperature was controllably varied while the spectral response was 
monitored and the dips shifting was accounted. Figure 4.5c presents the wavelength shift 
as a function of the temperature variation. By fitting a linear function to the experimental 
points, we obtained a temperature sensitivity of (-140 ± 6) pm/oC. This result is in good 
proximity to the one expected from the analytical simulations (- 141.8 pm/oC, as shown 
in Figure 4.3d) and is around 14 times higher than typical Bragg gratings-based 
temperature sensors [4.10]. 
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Therefore, it is possible to identify the antiresonant capillary fibers as interesting 
platforms for the realization of temperature sensing measurements. This research was 
presented at the 25th International Conference on Optical Fiber Sensors [4.11]. 
 
4.3 Pressure sensing with PMMA antiresonant capillary fibers 
 
Another possibility of the use of antiresonant capillary fibers in sensing the 
employment of this sort of fibers in pressure measurements. This possibility arises from 
the fact that, as described in Chapter 2, the application of pressure induces displacements 
in the capillary fiber which are dependent on the radial position – Eq. (2.2). As capillary 
wall thickness variations entail shifting in antiresonance characteristic spectrum, sensing 
measurements can be performed. 
 
4.3.1 Pressure-induced capillary wall thickness variations 
 
Consider that a capillary has an initial wall thickness d = rout – rin, where rin and 
rout are the inner and outer radii respectively. When pressure is applied, the capillary wall 
thickness will vary and assume a new value d’, which can be obtained by Eq. (4.5), where 
u(rin) and u(rout) are the displacements at the inner and outer radius positions. By 
calculating u(rin) and u(rout) using Eq. (2.2), one obtains Eq. (4.6), which expresses the 
new capillary wall thickness as a function of the inner and outer radius (rin and rout), 
internal and external pressure levels (pin and pout), the capillary material Young 
modulus (E) and Poisson ratio (ν). 
 
𝑑′ = [𝑟𝑜𝑢𝑡 + 𝑢(𝑟𝑜𝑢𝑡)] − [𝑟𝑖𝑛 + 𝑢(𝑟𝑖𝑛)] = 𝑑 + 𝑢(𝑟𝑜𝑢𝑡) − 𝑢(𝑟𝑖𝑛)                 (4.5) 
 











− 𝑝𝑜𝑢𝑡] + (1 + 𝜈)(𝑝𝑜𝑢𝑡 − 𝑝𝑖𝑛) (
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
)}      (4.6) 
 
 If we assume that the capillary thickness change is exclusively due to external 
pressure variations, Eq. (4.7) can be obtained for expressing the thickness derivative with 
respect to the external pressure, 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡




sign is dependent on 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡






, the value of 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
 is negative and the 
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, the value of 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
 will be positive, what means that the 







, one will have 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
= 0 and, therefore, no thickness variation will be 
expected. Figure 4.6a shows a schematic representation of 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
 sign as a function of the 
















)]                                    (4.7) 
 
 
Figure 4.6. (a) Schematic representation of 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡










for PMMA capillaries with different external radius values. 
 
 




 values. Therefore, in the investigation reported herein, one 
focused our study on PMMA capillaries instead of silica ones (PMMA Young modulus: 
3 GPa [4.12]; silica Young modulus: 72.5 GPa [4.13]).  
Figure 4.6b presents the behavior of 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
 values as a function of 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 for PMMA 
capillaries with different external radius (PMMA Poisson ratio: 0.345 [4.12]). As 




Additionally, it is seen in Figure 4.6b that depending on the 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 ratio value, the capillary 
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wall thickness can either increase or decrease when external pressure is applied to the 
same. Furthermore, for PMMA capillaries, one can observe that if 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 = 0.487, no 
thickness variation is predicted. 
 
4.3.2 Pressure sensitivity and measurements 
 
As it will be discussed in the following, the pressure sensing measurement was 
performed by following the spectral transmission minima positions as a function of the 
pressure variation. Therefore, to account the pressure sensitivity we have taken the total 












. As both the capillary wall thickness, d = rout – rin, and the refractive index of 
the capillary, n2, vary if the pressure is changed, 
𝑑𝜆𝑚𝑖𝑛
𝑑𝑝𝑜𝑢𝑡
 should be written an in Eq. (4.8). 
By using Eq. (4.7) and performing the derivatives in Eq. (4.8), one obtains Eq. (4.9). It is 
worth noting that 
𝑑𝑛2
𝑑𝑝𝑜𝑢𝑡
 is the elasto-optic coefficient of the material the capillary is made 
of. For PMMA, 
𝑑𝑛2
𝑑𝑝𝑜𝑢𝑡



















































}  (4.9) 
 
 Figure 4.7 presents the results for the pressure sensitivity, 
𝑑𝜆𝑚𝑖𝑛
𝑑𝑝𝑜𝑢𝑡
, as a function of 
the ratio between the inner and outer radii, 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
, for different external radius values. By 
analyzing the graph shown, we can recognize a similar behavior as that observed in 




. The situation of zero pressure sensitivity, however, is predicted to occur at 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 = 0.58. It is different from the point at which 
𝜕𝑑′
𝜕𝑝𝑜𝑢𝑡
 is zero – 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 = 0.478, see 
Figure 4.6. It happens due to the consideration of the photoelastic effect in Eq. (4.8), 
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Figure 4.7. Analytically calculated pressure sensitivity as a function of 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
 for capillary fibers with 
different external radii.  
 
 As an experimental realization of the proposed sensor, we have tested a PMMA 
capillary with inner radius 125 µm and outer radius 175 µm. To subject the capillary to 
pressure variations, the capillary fiber was inserted into a gas pressure chamber connected 
to a nitrogen tank. A valve was used to control the amount of gas inside the chamber and, 
therefore, the pressure to which the capillary fiber was subjected. A super-luminescent 
light emitting diode (SLED) was used as the light source and the transmitted signal was 
measured by an optical spectrum analyzer (OSA) – Figure 4.8. To avoid the nitrogen to 
enter the capillary hollow part, we have closed its ends using glue.  
 
 
Figure 4.8. Experimental setup for the realization of the pressure sensing experiment. 
 
 Figure 4.9a shows the capillary spectral response as a function of the external 
pressure level. It is seen that the transmission dips redshift as the external pressure is 
increased. This behavior, i.e. a positive pressure sensitivity, agrees to what would be 
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expected from the simulation results shown in Figure 4.7. Additionally, in Figure 4.9b, it 
is shown the average wavelength shift (considering all transmission dips shown in the 
Figure 4.9a plot) as a function of the external pressure. Data from this plot allows 
calculating a pressure sensitivity of (18.3 ± 0.4) pm/bar. This result is approximately 
50 % higher than the expected one (12 pm/bar), as can be observed in the simulated plot 
presented in Figure 4.9c. Further studies on this topic needs to be performed to better 
understand the difference between the predicted and experimental sensitivity values. We 
believe it may be related to the alteration of PMMA mechanical properties when 
pressurized [4.14]. Additionally, during the realization of the experiments, we have noted 
an important hysteresis behavior – i.e. a different behavior when raising or decreasing the 
pressure levels – in the sensor response, which should also be addressed in further studies. 
The results of this research were presented at the III International Conference on 
Applications of Optics and Photonics [4.15]. 
 
 
Figure 4.9. (a) Experimental transmission spectrum for a capillary with rin = 125 µm and rout = 175 µm at 
different pressurization conditions. (b) Wavelength shift as a function of the external pressure. 
(c) Analytically calculated pressure sensitivity as a function of 
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡






Additional sensing opportunities using specialty 
optical fibers 
 
In this chapter, we present additional opportunities in sensing that were also 
studied during the graduation period. Namely, research on the application of photonic-
crystal fibers (PCFs) in pressure probing measurements and on the employment of Bragg 
gratings in standard and tapered fibers and multimode interference setups for refractive 
index, strain and temperature monitoring were developed. Moreover, metal-filled 
embedded-core fibers were explored as temperature sensors. 
Regarding the research on photonic-crystal fibers, a dual-environment pressure 
sensing application was studied. To do this, two sections of a side-hole birefringent 
photonic-crystal fiber were spliced together in an in-series configuration and the response 
of each section was individually evaluated by using a technique we developed some years 
ago [5.1]. Making use of the side-hole PCF pressure sensitivity, we could monitor 
pressure variations in two disconnected environments. 
Concerning the use of Bragg gratings in standard and tapered fibers and of 
multimode interference devices, we studied a three-parameters sensor and an intensity-
based liquid-level sensor. In the first application, a Bragg grating inscribed in a standard 
fiber, a Bragg grating inscribed in a tapered fiber and a singlemode-multimode-
singlemode (SMS) structure were concatenated and temperature, strain and external 
refractive index variations were probed. In the second investigation, a SMS structure 
followed by a Bragg grating is used to probe liquid level variations. Here, the SMS 
structure optical response acts as a filter for the Bragg grating reflected power. The study 
of the power variation as the system was immersed in water allowed the characterization 
of the sensor. 
Finally, we report the embedded-core fiber acting as a temperature sensor when it 
is filled with metal. In this application, we make use of the fact that the embedded-core 
central region is hollow and that metal can be inserted in it. The resulting structure 
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becomes highly sensitive to temperature variations since the metal expansion inside the 
fiber induces stresses within the silica region and alters the core birefringence. 
  
5.1 Dual-environment pressure sensing with a photonic-crystal fiber 
 
Due to the photonic-crystal fibers’ design versatility, this sort of fibers can be 
visualized as an excellent platform for building up sensors. By conveniently choosing 
fiber’s microstructure, fiber properties can be optimized so it can be employed in sensing 
measurements of a parameter of interest. Thus, photonic-crystal fibers have shown its 
potential to allow monitoring measurements of a great variety of physical parameters such 
as hydrostatic pressure [5.2], strain [5.3] and curvature [5.4]. 
Photonic-crystal fiber structure can be designed so its optical properties are 
sensitive to pressure variations. In general, photoelastic effect is explored by adequately 
planning PCF microstructure geometry characteristics. A usual approach consists of using 
birefringent photonic-crystal fibers with microstructure designs which can provide an 
asymmetric stress distribution within the fiber core when the fiber is put under pressure. 
It causes fiber birefringence to alter and allows the realization of pressure sensing 
measurements. [5.5, 5.6] 
Here, we explored the pressure sensitivity of a side-hole photonic-crystal fiber 
(SH-PCF), which is characterized by the existence of longitudinal large holes placed next 
to the fiber microstructure, and employed it to probe hydrostatic pressure variations in 
two disconnected environments. To obtain the sensor, we employed a simple technique, 
developed by us, which allows accessing the individual responses of two birefringent 
fibers set in an in-series configuration. In this technique, we use an input and an output 
polarizer with orientations chosen so the first and second fiber’s responses can be 
independently measured [5.1]. By taking into account the fibers’ optical responses as a 
function of the applied pressure, we could demonstrate the operation of a photonic-crystal 
fiber-based sensor for dual-environment monitoring. 
 
5.1.1 Fiber characterization 
 
As mentioned above, we have chosen a side hole photonic-crystal fiber to attain 
hydrostatic pressure measurements in two separate environments. The cross-section of 
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the side-hole PCF is presented in Figure 5.1 – inset shows a zoom in the microstructured 
region. Hole diameter (d = 1.7 µm) and their separation distance (Λ = 2.8 µm) are also 
represented in Figure 5.1. 
 
 
Figure 5.1. (a) SH-PCF cross-section. Inset provides a zoom in the microstructured region. Hole diameter, 
d = 1.7 µm, and separation, Λ = 2.8 µm are represented. (b) Experimental setup diagram for fiber 
characterization. SC: supercontinuum from a photonic-crystal fiber; P1 and P2: polarizers; SMF: standard 
single mode fiber; SH-PCF: side-hole photonic-crystal fiber; OSA: optical spectrum analyzer.  
 
To experimentally characterize the fiber, a setup as depicted in Figure 5.1b was 
assembled. The side-hole photonic-crystal fiber was initially spliced to standard single 
mode fibers and put into a pressure chamber. Light from a broadband light source 
(supercontinuum from a photonic-crystal fiber – SC) passes through a first polarizer (P1) 
and is launched into the birefringent SH-PCF so both orthogonal modes are excited. 
Second polarizer (P2) allows the light from the orthogonal modes to recombine and 
interfere. The optical response is measured by an optical spectrum analyzer (OSA). A 
typical spectrum is presented in Figure 5.2a. It worth observing that the curvatures in the 
standard fiber sections were minimal to avoid the polarization state degradation of the 
light to be launched in the side-hole photonic-crystal fiber. 




, where λ is the wavelength, S is the spectral distance between two 
89 
 
consecutive dips in the spectrum and L is the fiber length [5.6]. Phase birefringence (B), 
in turn, can be calculated by Eq. (5.1), where γ is a fitting parameter accounted by the 
empirical relation shown in Eq. (5.2) and whose value is found by carrying on a self-
consistency method (A is also a fitting constant) [5.7]. Black dots in Figure 5.2b and 













                                       (5.1) 
 
𝐵 = 𝐴𝜆𝛾                                                        (5.2) 
 
 
Figure 5.2. (a) Typical SH-PCF transmission spectrum. (b) Group birefringence, (c) phase birefringence 
and (d) sensitivity coefficient CS experimental and simulated results as a function of wavelength. 
 
 As referenced in Chapter 2, pressure sensitivity in polarimetric measurements can 








 – Eq. (2.1) in Chapter 2. Thus, 
by measuring the SH-PCF spectra as a function of the applied pressure (using the 
configuration schematically represented in Figure 5.1b) and following the resulting 
wavelength shift of a spectral dip, experimental CS values as a function of the wavelength 
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could be determined. These results are shown as black dots in Figure 5.2d. Additionally, 
theoretical values for B, G and CS were calculated by using a commercial finite-element 
method-based software (COMSOL®). Red lines in Figure 5.2b, Figure 5.2c and 
Figure 5.2d show the simulated data for B, G and CS as a function of the wavelength. 
Moreover, the blue line in Figure 5.2d shows simulated CS values for a 
commercial photonic-crystal fiber usually tested in pressure monitoring experiments 
(PM-1550-01 by NKT Photonics). It is seen that the side-hole fiber studied herein has 
higher sensitivity coefficients than the commercial PCF. For example, at λ = 1550 nm, 
SH-PCF’s sensitivity coefficient is about 2.8-fold the one found for the commercial PCF. 
Besides, we have calculated the CS value for the fiber reported in [5.7] and found it is 
1.34 times the value we measured for our SH-PCF. In addition, in [5.8], a very high 
sensitivity value was measured – 17.7 nm/bar. 
 
5.1.2 Dual-environment hydrostatic pressure measurements 
 
After performing the characterization of the side-hole photonic-crystal fiber, we 
have employed it to obtain a sensor able to monitor pressure variations in two 
disconnected environments. To achieve this goal, we used a technique, recently reported 
by us [5.1], where two birefringent fibers are set in an in-series configuration so their 
principal axes are rotated in relation to each other. In experimental setup (Figure 5.3), the 
optical response is obtained by using a broadband light source (supercontinuum from a 
photonic-crystal fiber), an input and an output polarizer (P1 and P2) and an optical 
spectrum analyzer.  
 
Figure 5.3. Experimental setup schematic diagram for dual environment pressure monitoring. L1 and L2: 
fiber lengths; LP1 and LP2: pressurized fiber lengths. 
 
Although the fibers are spliced, we can obtain individual fiber responses by 
adequately tuning polarizer’s angles. As it is described in [5.1], in order to obtain the first 
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fiber response, the second polarizer must be adjusted so its orientation coincides to one 
of the principal axes of the second fiber. Analogously, for obtaining the optical response 
of the second fiber, light must be launched in the first fiber with a polarization orientation 
along one of its principal axes. 
To provide an experimental realization regarding the use of the proposed 
configuration for the dual-environment pressure probing, two sections of the side-hole 
PCF – with lengths L1 = (22.5 ± 0.2) cm and L2 = (58.5 ± 0.2) cm – were spliced and 
placed into pressure chambers as can be observed in Figure 5.3. Initially, the first fiber 
response was obtained (Figure 5.4a) and the wavelength shift of the interferometric 
fringes were accounted while the fiber was subjected to pressure variations. In sequence, 
the second fiber response was obtained (Figure 5.4b) and, again, the interferometric 
fringes spectral positions were followed as a function of the applied pressure. 
 
 
Figure 5.4. (a) First and (b) second fiber spectral response as the pressure is varied. (c) Wavelength shift 
as a function of the pressure level. 
 
Figure 5.4c presents the wavelength shift of a particular dip as a function of the 
pressure for the first and second fiber pressure probing experiments. Sensitivities 
coefficients, CS, were measured as CS1 = (0.169 ± 0.004) nm/bar for the first fiber and 
CS2 = (0.222 ± 0.004) nm/bar for the second fiber. The difference in the measured 
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sensitivity values are due to the fact that, in the pressure sensing experiments, different 
lengths of the fibers were pressurized – for the first fiber, the pressurized length was 
LP1 = (2.0 ± 0.1) cm and, for the second fiber, the pressurized length 
was LP2 = (8.0 ± 0.1) cm.  
In [5.1], we demonstrated that the ratio between the measured sensitivities, R, 
could be obtained by Eq. (5.3). According to this equation, the predicted value for the 
ratio between the sensitivities (taking into account the total fiber lengths and the 
pressurized fiber lengths) is calculated to be Rpredicted = (0.65 ± 0.08). By using the 
experimentally measured sensitivities, we calculate Rexperimental = (0.76 ± 0.03). 
Therefore, we can analyze that the predicted and experimental values for R are consistent 
and that the operation of a dual-environment pressure sensor based on a side-hole 










                                               (5.3) 
 
The results from this research were published in [5.9] and were obtained in 
collaboration with Mr. Juliano G. Hayashi (who performed the fiber characterization 
experiments) and Mr. Yovanny A. V. Espinel (who contributed with the simulations). My 
contributions involved the realization of the splicing between standard and photonic-
crystal fibers, assembly of the pressure chamber, the performance of the dual-
environment pressure sensing experiments and data analysis. 
 
5.2 Three-parameter sensor based on Bragg gratings, multimode 
interference and fiber tapers 
 
In addition to the research on the photonic-crystal fiber-based pressure sensor, a 
configuration for three parameter sensing were also investigated. The configuration 
comprehends a fiber Bragg grating inscribed in a standard fiber, a Bragg grating on a 
tapered fiber and a SMS structure (formed by a no-core fiber – i.e. a simple silica rod –  
spliced in between two standard optical fibers) set in an in-series setup. By accounting 
the spectral responses of each part of the sensor, one could, simultaneously, discriminate 




5.2.1 Experimental setup and principle of operation 
 
In order to simultaneously measure temperature, strain and refractive index 
variations, one have used two fiber Bragg gratings – one in a standard fiber and other in 
a tapered one – and a SMS structure as it is schematically represented in Figure 5.5. To 
obtain the setup, a standard single-mode fiber was tapered down by using the flame 
brushing technique, as already described in this thesis. The resulting fiber taper was 
endowed with two transition regions and a uniform waist 50 µm thick and 10 mm long. 
The taper diameter was chosen so it could provide the desired optical/mechanical 
response – as will be detailed in the following – and the adequate robustness level for 
resisting manipulation during grating inscription and sensing measurements. 
 
 
Figure 5.5. Schematic diagram for the three-parameter sensor. FBG1 and FBG2 are, respectively, the Bragg 
gratings in the standard fiber and in the tapered fiber. NCF: no-core fiber. 
 
To imprint the gratings, we have employed an UV laser at 266 nm together with 
a phase mask, whose period was chosen in such a manner it could induce Bragg gratings 
in the infrared spectral region with suitable separation between them. It allowed to easily 
recognize the individual optical responses for sensing data acquisition. 
The SMS structure, in turn, was built by using a no-core fiber (NCF), which 
consists of a simple silica rod with 125 µm diameter, spliced in between two standard 
single mode fibers. As explained in Chapter 1, multimode interference takes place in the 
no-core fiber and self-images of the input field are observed at a specific 
wavelength (λSMS) for a certain multimode fiber length (LMMF). The relation between λSMS 
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, where nMMF and DMMF are 
respectively the effective refractive index and the diameter of the fundamental mode in 
the multimode fiber. As described in Chapter 1, the optical response of the SMS structure 
is characterized by a transmission peak at λSMS. 
When the refractive index of the medium that surrounds the configuration is 
altered by an amount Δn or the fiber is subjected to temperature or strain conditions 
variations (ΔT and Δɛ, respectively), the spectral responses of each part of the sensor will 
experience wavelength shifts at their characteristic peaks with different sensitivities. It 
allows obtaining a 3×3 linear system – as shown in Eq. (5.4) – for associating the 
wavelength shifts to the external parameters variations. In Eq. (5.4), ΔλFBG1 and ΔλFBG2 
represents for the wavelength shifts of the Bragg peaks from the FBGs in the untapered 
and tapered fiber and ΔλMMI is the wavelength shift of the MMI transmission spectrum. 
Kɛ, KT and Kn are the strain, temperature and refractive index sensitivity coefficients 
respectively. Subscripts FBG1, FBG2 and MMI reference, respectively, the FBG in the 
untapered fiber, in the tapered fiber and for the SMS structure contributions. If the 
sensitivity coefficients matrix is known, strain, temperature and external refractive index 
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)                      (5.4) 
 
 
5.2.2 Simultaneous measurement of strain, temperature and external 
refractive index variations 
 
 In order to experimentally characterize the sensor’s response, the sensitivities 
coefficients Kɛ, KT and Kn were individually measured by varying a specific parameter 
(strain, temperature or external refractive index) while the other two were maintained 
constant. To obtain Kɛ values, the sensor was subjected to strain increments (at fixed 
temperature and refractive index) and the FBGs’ and MMI’s peaks wavelength shifts 
were accounted. Figure 5.6a and Figure 5.6b show the spectral response for the FBG in 
95 
 
the untapered (FBG1) and in the tapered fiber (FBG2) and for the SMS structure when 
the sensor was subjected to different strain levels. Figure 5.6c shows the wavelength shift 
as a function of the strain and the measured sensitivity values (Kɛ,FBG1 = 0.91 pm/µɛ, 
Kɛ,FBG2 = 5.88 pm/µɛ, Kɛ,MMI = -1.37 pm/µɛ). 
 
 
Figure 5.6. Spectral responses of the (a) FBGs and (b) SMS structures a a function of the applied strain. 
(c) Wavelength shift as a function of the applied strain. 
 
 The different strain sensitivities measured for the FBG in the untapered and in the 
tapered fiber are due to the fact that, when longitudinal force is applied to the fiber, the 
stress (force over area) is different for the untapered and for the tapered fiber. The strain 
on the untapered fiber, ɛfiber, the strain on the tapered fiber, ɛtaper, and the correspondent 
cross-sectional areas (Afiber for the untapered fiber and Ataper for the tapered fiber) can be 
related by Eq. (5.5). The results found in the measurements are in good agreement with 











 To characterize the system’s sensitivity to external refractive index variations, the 
sensor was immersed in isopropanol-water solutions at different concentrations, while the 
strain level and the temperature were maintained constant. Again, the spectral shifting in 
Bragg gratings’ and SMS structure’s responses were accounted as the external refractive 
index was varied. Figure 5.7a and Figure 5.7b show the spectral data (reflected and 
transmitted spectra respectively) for different external refractive indexes. Figure 5.7c 
presents the peak wavelength shift as a function of the external refractive index for the 
three parts of the sensor. The refractive index of the isopropanol-water solutions were 
measured by using a commercial refractometer. 
 
 
Figure 5.7. Spectral responses of the (a) FBGs and (b) SMS structure as a function of the external refractive 
index. (c) Wavelength shift as a function of the external refractive index. 
 
 By observing the data exposed in Figure 5.7c, we can observe that the refractive 
index sensitivity for the Bragg gratings in both untapered and tapered fiber is virtually 
zero (Kn,FBG1 = Kn,FBG2 = 0). It was expected since the fundamental mode in the untapered 
and 50 µm thick tapered fiber is strongly confined to the fiber core and, because of this, 
its evanescent field does not effectively interact with the external medium. Alternatively, 
in the no-core fiber (NCF), the external medium acts as the fiber cladding and, therefore, 
the modes guided in the NCF have their characteristics strongly dependent on the 
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surrounding medium refractive index. Thus, a redshift was observed in the MMI peak 
position. It allowed estimating a Kn,MMI = 98.646 nm/RIU refractive index sensitivity. 
 In order to account for the sensor’s temperature response, the system was 
immersed in water and the solution was heated. Spectral responses were observed while 
the temperature was varied and the resulting spectra are shown in Figure 5.8a (for the 
Bragg gratings) and Figure 5.8b (for the SMS structure). Shifts in the FBGs spectra, 
shown in Figure 5.8c, are seen to be similar and the correspondent sensitivities 
coefficients were measured to be KT,FBG1 = 9.2 pm/ºC and KT,FBG2 = 8.4 pm/ºC.  
 
 
Figure 5.8. Spectral responses of the (a) FBGs and (b) SMS structure as a function of the temperature. (c) 
Wavelength shift as a function of the temperature. 
 
Additionally, the shifts in the SMS structure’s spectrum allows estimating the 
sensitivity coefficient to be -7.2 pm/ºC. However, as in the temperature characterization 
experiments the sensor was put under a water bath and the no-core fiber spectrum is 
dependent on the surrounding medium refractive index, it should be noted that this 
sensitivity value refers to both temperature and refractive index variations contributions. 
It happens because temperature changes cause the water refractive index to change due 
to thermo-optic effect. Therefore, the measured sensitivity coefficient must be corrected, 
since KT value should describe the sensitivity to temperature variations only. 
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As the maximum in the SMS structure transmission spectrum has its spectral 
position dependent on both temperature, T, and surrounding medium refractive index, 




in Eq. (5.6). Note that 
𝑑𝜆𝑆𝑀𝑆
𝑑𝑇
≡ 𝐾𝑇,𝑛,𝑀𝑀𝐼 is the experimentally measured sensitivity, 












                                     (5.6) 
 
The right-hand side first term in Eq. (5.6), 
𝜕𝜆𝑆𝑀𝑆
𝜕𝑇
, represents the shift due to 




= 𝐾𝑇,𝑀𝑀𝐼. Similarly, 
𝜕𝜆𝑆𝑀𝑆
𝜕𝑛𝑒𝑥𝑡
 is the wavelength shift due to external 
refractive index variations only and, therefore, can be identified as the Kn,MMI coefficient 
(98.646 nm/RIU). Additionally, 
𝑑𝑛𝑒𝑥𝑡
𝑑𝑇
≡ Θ𝑒𝑥𝑡 is the external medium’s thermo-optic 
coefficient (-2 × 10-4 ºC-1 for water) [5.11]. 
Furthermore, Eq. (5.6) can be rewritten as shown in Eq. (5.7), to explicitly show 
how it is possible to obtain KT,MMI value from the experimentally measured cross 
temperature-refractive index sensitivity KT,n,MMI, refractive index sensitivity Kn,MMI and 
surrounding medium’s thermo-optic coefficient Θ𝑒𝑥𝑡. By using KT,n,MMI = -7.2  pm/ºC, 
Kn,MMI = 98 646 pm/RIU and Θ𝑒𝑥𝑡 = -2 × 10
-4 ºC-1, one can calculate 
KT,MMI = 12.5 pm/ºC. 
 
𝐾𝑇,𝑀𝑀𝐼 = 𝐾𝑇,𝑛,𝑀𝑀𝐼 − 𝐾𝑛,𝑀𝑀𝐼Θ𝑒𝑥𝑡                                   (5.7) 
 
Finally, the obtained sensitivity values can be used to fulfill the sensitivity 
coefficients matrix in Eq. (5.4). It allows entailing Eq. (5.8), which allows obtaining 







0.91 𝑝𝑚/𝜇 9.2 𝑝𝑚/𝑜𝐶 0 𝑝𝑚/𝑅𝐼𝑈
5.88 𝑝𝑚/𝜇  8.4 𝑝𝑚/𝑜𝐶 0 𝑝𝑚/𝑅𝐼𝑈









 Considering an optical spectrum analyzer with 10 pm wavelength resolution, the 
resolution limit for three-parameter sensor described herein can be calculated, using 
Eq. (5.8), to be 0.17 µɛ, 1.1 ºC and 3.2 × 10-5 RIU. In Table 5.1, the obtained resolutions 
are compared to three other fiber sensors which also allows to simultaneously measure 
temperature, strain and refractive index variations. It is seen the achieved resolution is 
improved when compared to the sensors reported by J. Mau et al. in [5.12] (Sensor 1) 
and by N. J. Alberto et al. in [5.13] (Sensor 2). Additionally, it can be observed that the 
resolution limit for the sensor reported herein compares well to the one reported by S-M 
Lee et al. in [5.14]. 
 
Table 5.1.  Resolution limit comparison. 







Strain (µɛ) 0.17 7.71 140.77 1.96 
Temperature (ºC) 1.1 4.02 15.38 0.69 
Refractive index 3.2 × 10-5 2.5 × 10-2 5.9 × 10-3 9.0 × 10-4 
 
 
 Therefore, we could obtain a sensor which allows the realization of simultaneous 
and independent measurements of temperature, strain and refractive index variations. The 
system is very simple since its obtained by splicing the sensing parts all together. It makes 
this configuration a promising platform towards the development of multiparameter 
sensors.  
The results from this research were published in [5.15] and were obtained in 
collaboration with Mr. Ricardo Oliveira and Mr. Stenio Aristilde (who performed the 
experimental characterization of the sensor). My contributions were the proposal of the 
sensor (together with Prof. Cristiano M. B. Cordeiro) and the performance of data and 
error analysis (together with Mr. Ricardo Oliveira). 
 
5.3 Intensity-based liquid-level sensor using multimode interference and 
Bragg gratings 
 
Another application we have approached was to obtain a liquid-level sensor based 
on multimode interference and Bragg gratings. Liquid-level monitoring is important in 
several fields such as fuel storage and chemical processing. Ultrasonic [5.16] and 
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capacitive sensors [5.17] are examples of technologies which can be employed to obtain 
liquid-level sensors. However, their high maintenance cost, susceptibility to 
electromagnetic interference and low resistance to harsh environments appear as 
disadvantages which can limit the application of such configurations. Hence, optical 
fiber-based sensors rise as a promising technology for transposing these limits by offering 
compact, robust and highly sensitive liquid-level sensors. 
Several liquid-level optical fiber-based sensors have already been reported in 
literature. A very useful approach is to explore the interaction between the evanescent 
field of the optical mode guided through the optical fiber and the external medium. It was 
successfully done by employing long-period gratings [5.18], D-shaped fibers [5.19] and 
by using unclad multimode optical fibers [5.20]. However, the measurements usually 
demand a system for performing spectral measurements, which causes the detection 
system to be expensive. 
In the investigation reported herein, one propose the combination of a SMS 
structure (a no-core fiber spliced in between two standard singlemode fibers) and a Bragg 
grating for measuring liquid level. As it will be explained in the following, the SMS’ 
characteristic spectrum acts as a filter over the FBG’s one. It allowed measuring the 
FBG’s reflected peak power as a function of the length of fiber immersed in liquid and 
characterizing an intensity-based liquid level sensor.  
 
5.3.1 Experimental setup and principle of operation 
 
Figure 5.9 shows a schematic for the experimental setup employed in the 
measurements. The sensor is composed by a SMS structure (no-core fiber, NCF, spliced 
in between two standard singlemode fibers) followed by a fiber Bragg grating (FBG1). 
To perform the liquid-level sensing experiments, the sensor was connected to a motorized 
stage which could immerse the sensor into the liquid at controlled steps. Moreover, a hot 
plate was used to maintain the system at constant temperature during the experiments and 
an additional Bragg grating (FBG0) is used for monitoring possible power fluctuations in 





Figure 5.9. Diagram for the liquid-level measurement experimental setup. SMF: singlemode fiber; NCF: 
no-core fiber; FBG: fiber Bragg grating. 
 
As discussed in the last section in this chapter, multimode interference happen in 
the no-core fiber and self-images of the input field are observed at a specific 




, where LMMF is the multimode fiber 
length and nMMF and DMMF are respectively the effective refractive index and the diameter 
of the fundamental mode in the multimode fiber. The optical response of the SMS 
structure is manifested as a transmission peak at λSMS. 
When the SMS structure is completely immersed in a liquid, both effective 
refractive index and the diameter of the fundamental mode in the multimode fiber are 
altered (since, in the no-core fiber, the optical mode interfaces the external medium and, 
therefore, its evanescent field strongly interacts with the surrounding medium). It entails 
a shift in SMS structure’s transmission peak.  
In particular, if only a part of the no-core fiber is immersed in a liquid, the resulting 
spectral response will be a combination of the influences of emerged and submerged parts 
of the sensor. The spectral position of SMS structure’s transmission peak can be predicted 
by considering the different effective refractive indexes and diameters of the fundamental 
mode in air and in the liquid (nMMF,air, DMMF,air, nMMF,liq, DMMF,liq) and by pondering λSMS 
expression by the emerged and submerged fiber lengths (LMMF,air and LMMF,liq). The 
spectral position of the partially immersed SMS structure, λSMS’, can be calculated by 
















)           (5.9) 
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Therefore, it is possible to probe liquid level variations by following the shift in 
SMS structure’s transmission peak. It was demonstrated by J. E. Antonio-Lopez et al. in 
[5.20] and [5.21] and by Y. Luo et al. in [5.22]. However, in these reports, expensive 
detection systems are needed for spectrally interrogating sensor response. Additionally, 
the broad width of SMS structure’s transmission peak can limit the use of these sensors 
in applications which demand sensors with optimized resolution levels. 
Here, the MMI spectral response is used as a filter over a Bragg grating spectrum. 
The FBG has its peak centered at an adequate spectral position so shifting in the SMS 
structure spectral response entails power variation in the Bragg grating reflection peak as 
a function of the immersed fiber length. It allowed us to characterize an intensity-based 
liquid-level sensor which can provide opportunities for assembling less expensive 
systems for practical applications. 
 
5.3.2 Sensing measurements 
 
 To define the Bragg grating central wavelength which would maximize power 
variations on Bragg peak due to liquid-level variations, we studied the optical response 
of the SMS structure as a function of the submerged no-core fiber length (Figure 5.10a). 
By subtracting the spectra in two extreme conditions (no-core fiber completely emerged 
and completely submerged) one obtain the plot shown in Figure 5.10b, which allows 
identifying that the greater power variation happen around 1556 nm. It is worth 
underlining that, in the reported experiments, the no-core fiber total length was 58.2 mm. 
The Bragg grating used in the experiments was inscribed so that its Bragg peak 
was centered around 1551.5 nm. In Figure 5.11a, it is seen that the immersion of the 
sensor in water implies power variations in the Bragg peak because the MMI spectra acts 
as a filter on it. Additionally, it can be verified that the Bragg peak spectral position is 
maintained whereas the setup is immersed. It was expected because, in the singlemode 
fiber in which the Bragg grating was inscribed, the core mode is well confined within the 
core of the fiber and, therefore, its corresponding evanescent field doesn’t interact with 
the external medium. Additionally, Figure 5.11b shows the Bragg peak power as a 





Figure 5.10. (a) MMI spectra for different submerged NCF length. (b) Resulting data from subtraction 
between completely submersed no-core fiber spectrum (submerged NCF length: 60 mm) and completely 
emerged no-core fiber spectrum (submerged NCF length: 0 mm). 
 
 
Figure 5.11. (a) FBG spectral response as a function of the immersed length (liquid-level). (b) Bragg peak 
power as a function of liquid-level. 
 
 Therefore, we could propose and demonstrate the operation of a simple liquid-
level sensor based on multimode interference and a Bragg grating. As the sensing 
measurement is based on the reflected optical power from the Bragg peak, the setup does 
not demand the employment of expensive spectral optical analyzers and could be 
assembled by using a cost effective light source (for example, a light-emitting diode, LED 
with an emission wavelength centered at the FBG spectral response) together with a 
photodetector.  
The results from this investigation were published in [5.21] and were obtained in 
collaboration with Mr. Ricardo Oliveira and Mr. Stenio Aristilde (who performed the 
experimental characterization of the sensor). As in the three-parameter sensor, my 
contributions were the proposal of the sensor (together with Prof. Cristiano M. B. 
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Cordeiro) and the performance of data and error analysis (together with Mr. Ricardo 
Oliveira). 
 
5.4 Metal-filled embedded-core fiber for temperature sensing 
 
Here, we demonstrate that the embedded-core fiber proposed in Chapter 2 can also 
be used as a highly sensitive temperature sensor if metal is inserted into its hollow part in 
a post-processing procedure. As it will be shown in the following, the sensor operation is 
based on the metal thermal expansion inside the fiber which causes the induction of 
stresses within the capillary wall. It generates changes in core birefringence and allows 
measuring the temperature sensitivity in a wavelength scanning measurement. The 
achieved sensitivity, (14.4 ± 0.7) nm/oC is among the highest ones reported in literature 
for special birefringent optical fibers. 
 
 
5.4.1 Temperature-induced birefringence in capillary fibers filled with 
metal 
 
As discussed in Chapter 2, the material birefringence can arise from the existence 
of asymmetric stresses distributions in a material and can be accounted by Eq. (2.2). 
Herein, we propose the study of a configuration which consists of a capillary fiber filled 
with metal (Figure 5.12). When the structure is subjected to temperature variations, due 
to thermal expansion, displacements are observed in the metal and silica regions. It entails 
birefringence variations within the silica region due to the induction of an asymmetrical 
distribution of stresses. 
To describe such a problem, it is necessary to be aware that, as the thermal 
expansion coefficients of the metal and silica are different (metal’s one is larger), free 
expansion do not occur inside the structure. Therefore, the displacements experienced by 





Figure 5.12. Diagram for the Metal-filled capillary fiber with embedded core. rin: inner radius; rout: outer 
radius. 
 
  The displacements for the metal and silica regions – u1(r) and u2(r) respectively – 
can be calculated from Eq. (5.10) and Eq. (5.11). These equations are obtained by 
imposing three boundary conditions, namely, the continuity of the radial displacement, 
the continuity of the radial stress and free expansion at the fiber outer surface [5.22] – 
more details in Appendix G. Moreover, we have considered the plane strain 
approximation because the fiber length is much larger than the cross-sectional 
dimensions. In Eq. (5.10) and Eq. (5.11), ΔT is the temperature variation, rin and rout are 
respectively the capillary inner and outer radius, ν is the Poisson ratio, E is the Young 
modulus and α is the thermal expansion coefficient (index 1 stands for the filling metal 
and index 2 stands for silica). The parameter δ is accounted by Eq. (5.12). 
  
𝑢1(𝑟) = Δ𝑇 [
𝛿
𝐸1
(1 − 𝜈1) (𝜈1 +
1
2
) + (1 + 𝜈1)𝛼1] 𝑟                     (5.10) 
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 The solid red line in Figure 5.13 presents the analytical results, calculated by using 
Eq. (5.10) and Eq. (5.11), for the displacements as a function of the radial position for a 
silica capillary fiber filled with indium with inner radius 20 µm and outer radius 50 µm 
for a temperature variation of 50 oC. Indium was chosen to be the filling metal because it 
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has a considerably high thermal expansion coefficient when compared to silica 
(32.1 × 10-6 oC-1 for indium and 0.55 × 10-6 oC-1 for silica [5.23]) and its low melting 
point (156 oC [5.23]), which simplifies the metal-filling process from an experimental 




Figure 5.13. Displacement as a function of the position for a solid cylinder (blue dashed line), indium-
filled silica capillary (solid red line) and a hollow silica capillary (green dotted line). Temperature variation: 
50 ºC. Numerical results for the indium-filled capillary are presented as blue circles. 
 
 In Figure 5.13, it is seen that the displacement raises linearly as a function of the 
radial position in the metal region (up to 20 µm) and, in the silica region, assumes a 
decaying profile. For comparison, it is also shown in Figure 5.13 the displacement which 
would be expected for a solid indium cylinder with radius 20 µm undergoing free 
expansion for the same temperature variation (blue dashed line). Under free expansion, 
the displacement at 20 µm is 46.5 nm and, in the restricted expansion, the displacement 
is 30.3 nm at the same radial position. Therefore, it is observed that the silica capillary 
constrains the metal thermal expansion reducing the displacement it would be able to 
undergo if the expansion was free. 
 Additionally, it is shown in Figure 5.13 the displacement of the mass elements in 
a hollow silica capillary with inner radius 20 µm and outer radius 50 µm for a temperature 
variation of 50 oC (green dotted line). At the radial position of 20 µm, the calculated 
displacement is 0.6 nm. Thus, one can visualize that, when the capillary is filled with 
metal, the inner capillary wall is pushed further it would displace if it was hollow. 
 Furthermore, the indium-filled capillary fiber was numerically simulated by using 
a model in COMSOL® and the resulting data is presented as blue circles in Figure 5.13. 
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By observing the results, one conclude that the analytical and numerical results are 
identical. In these simulations, 12.74 GPa and 72.5 GPa were used, respectively, as 
indium and silica Young moduli [5.24, 5.25], and 0.45 and 0.165 were used as indium 
and silica Poisson ratios [5.24, 5.26]. 
 According to [5.22], the radial and azimuthal stresses (σr and σθ) at a temperature 
T and at a radial position r into the silica region can be written as in Eq. (5.13) and 
Eq. (5.14), where T0 is the temperature at which there is no stress in the composite 
structure and δ is calculated by Eq. (5.12). As shown in Chapter 2, if the radial and 
azimuthal stresses are written in rectangular coordinates along the horizontal axis, one 
can obtain σr = σx and σθ = σy. Therefore, by substituting these results in Eq. (2.2) in 
Chapter 2 (which allows obtaining the material birefringence from the stresses along the 
horizontal and vertical directions) and then taking the derivative of the resulting 
expression with respect to the temperature, one can find Eq. (5.15), which allows 




for a position x in the horizontal axis. It is worth underlining that we assumed no 
birefringence under no stress (i.e. B0 = 0). 
 




)                                           (5.13) 
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In Figure 5.14, we present a graph for the absolute value of the material 
birefringence derivative with respect to the temperature as a function of the position 
within the metal-filled silica capillary fiber wall. Again, we have assumed capillaries with 
inner radius 20 µm and outer radius 50 µm. In this plot, for comparison, we have assumed 
the filling metal to be indium, tin or bismuth – the choice of these metals was based on 







Figure 5.14. Absolute value of the material birefringence derivative with respect to temperature as a 
function of the position for indium, tin and bismuth-filled capillaries. 
 
The results exposed in Figure 5.14 shows that |
𝑑𝐵𝑚𝑎𝑡
𝑑𝑇
| values are greater for the 
indium-filled capillary. Although the Young modulus and Poisson ratio values 
contributes for accounting |
𝑑𝐵𝑚𝑎𝑡
𝑑𝑇




| values is the larger indium thermal expansion coefficient 
(32.1 × 10-6 oC-1 [5.23]) when compared to the other metals under study (23 × 10-6 oC -1 
for tin and 13.3 × 10-6 oC-1 for bismuth [5.25]). Moreover, by analyzing Figure 5.14, we 
observe that greater |
𝑑𝐵𝑚𝑎𝑡
𝑑𝑇
| values are attained for positions closer to the inner radius (a 
similar behavior as that observed in the pressurized embedded-core fibers described in 
Chapter 2). In the presented simulations, one used 0.36 and 0.33 as tin and bismuth 
Poisson ratios [5.26], and 42 GPa and 34 GPa as tin and bismuth Young moduli [5.28, 
5.29]. 
 
5.4.2 Experimental results 
 
To experimentally measure the sensitivity of the proposed configuration, the 
embedded-core was filled with indium by melting the metal and by applying an external 
pressure level of 8 bar to push it into the fiber [5.23]. Figure 5.15a presents the embedded-
core fiber used in this research and Figure 5.15b shows the embedded-core fiber filled 





Figure 5.15. (a) Embedded-core fiber and (b) indium-filled embedded-core fiber. 
 
The wavelength scanning method was used to obtain the spectral response of the 
sensor. As explained in Chapter 2, in this method, a broadband light source is used to 
launch light into the fiber and two polarizers are employed for exciting and recombining 
the orthogonal modes of the birefringent fiber. The resulting spectrum is measured in an 
optical spectrum analyzer where interferometric fringes can be observed. The temperature 
sensitivity is obtained by following the fringes spectral position as a function of the 
temperature variation. To perform the temperature sensitivity tests, the fiber was 
immersed in water and its temperature was carefully varied. Figure 5.16 shows the 
experimental setup employed in the experiments. 
Figure 5.17a presents the spectra of the indium-filled embedded-core fiber for 
different temperature levels. Figure 5.17b shows, in turn, the wavelength shift as a 
function of the temperature, which allows obtaining, after performing an appropriate 
average on the heated fiber length and on the fiber total length [5.1], a sensitivity of 




Figure 5.16. Experimental setup used in the temperature sensing measurements. BLS: broadband light 





Figure 5.17. (a) Indium-filled embedded-core fiber spectra for different temperature levels and (b) the 
wavelength shift as a function of the temperature. 
 
The achieved temperature sensitivity is considerably higher than the sensitivity 
value usually achieved in typical Bragg gratings-based sensors (in the order of 
0.01 nm/oC) [5.30] and interferometric schemes such as fiber loop mirrors (in the order 
of 1 nm/oC) [5.31]. Moreover, it is also higher than the sensitivities reported for specialty 
optical fibers filled with metals such as the values 6.3 nm/oC and 9.0 nm/oC reported in 
[5.23] and [5.32], respectively. Although we have achieved a very large temperature 
sensitivity, it is worth saying that there is still room for optimization of the fiber structure 
for achieving even greater values – for instance, by placing the core even nearer to the 
capillary inner wall. 
The results from this research were presented in the III International Conference 
on Applications of Optics and Photonics [5.33] and will be submitted as a journal article 
in IEEE Sensors Letters [5.34]. The results were obtained in collaboration with Mr. 
Giancarlo Chesini, who performed the metal-filling process and the temperature sensing 
measurements. My contributions in this investigation involved the fiber fabrication, the 







Conclusions and future perspectives 
 
In this thesis, our research on specialty optical fibers for sensing applications is 
presented. Initially, a presentation of the wide diversity of optical fiber-based sensor 
technologies was performed and the main achievements in the area were shown. There, 
we emphasized the great interest on the development of optical fiber-based systems able 
to provide monitoring measurements of different parameters with high sensitivity and 
improved resolution. 
Regarding our contributions, we firstly presented the proposal of the so-called 
embedded-core capillary fiber for pressure sensing. As the novel geometry consist of a 
simple silica tube with a germanium-doped core embedded inside its wall, we claimed 
this geometry as a new route for the development of highly sensitive microstructured 
optical fiber-based pressure sensors. With this simplified structure, we could, even with 
a non-optimized fiber, attain high values for the polarimetric spectral sensitivity 
coefficient, CS, and for 
𝜕𝐵
𝜕𝑃
 – respectively (1.04 ± 0.01) nm/bar and 
(2.33 ± 0.02) × 10 - 7 bar-1 –, which are similar to that reported for sophisticated fiber 
structures which were optimized for the performance of pressure sensing measurements. 
Therefore, embedded-core fibers can be seen as a new important platform for the 
realization of highly sensitive pressure probing measurements. 
As a future perspective regarding the improvement of embedded-core fiber-based 
pressure sensors, we can propose the study of a new fiber which would allow to 
temperature compensate the system response – since, as mentioned in Chapter 2, the 
germanium-doped core entails an important pressure-temperature cross-sensitivity. This 
modified embedded-core structure could be a capillary fiber with two cores placed at 
different radial positions within the capillary wall. To attain a temperature-compensated 
mechanism, we propose the inscription of Bragg gratings in each one of the cores of the 
proposed fiber. As the core of the embedded-core fiber is obtained from a standard optical 
fiber preform, we can expect a Bragg grating temperature sensitivity in the order of 
10 pm/oC for both cores. Numerical simulations show that, for a capillary structure with 
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40 µm inner radius and 62.5 µm outer radius, if one of the cores has is center placed 
2.5 µm from the inner wall and the other core is placed on the fiber external surface, the 
pressure sensitivity of a Bragg grating inscribed in the core closer to the inner radius 
would be approximately twice the pressure sensitivity for the core on the fiber external 
surface. Thus, by considering the shifts in Bragg peaks and associating them to the 
different pressure sensitivities and similar temperature sensitivities, the temperature 
variations could be calculated and the pressure measurement from the polarimetric 
measurement (as described in Chapter 2) could be corrected. Additionally, the study of 
the fiber response for internal pressure level variations is also another research 
opportunity. 
Moreover, we reported the study of surface-core fibers (which differ from 
embedded-core fibers because their core is placed on the fiber external boundary) in 
refractive index sensing. To do that, we imprinted Bragg gratings in the core of such fibers 
and performed refractive index measurements. To enhance sensor sensitivity, fiber tapers 
were prepared and Bragg gratings were imprinting in them. A maximum sensitivity of 
40 nm/RIU was measured for a 20 µm thick taper around 1.42 RIU. This result compares 
well to other Bragg gratings-based sensors.  
Further development on thinner tapers and on evaluating core modes of higher 
orders may be desirable for sensitivity enhancement. Additionally, it would be of interest 
to test the surface-core fibers as a platform for obtaining sensors based on surface plasmon 
resonance. It could be done, for instance, by preparing a film of gold on the surface-core 
fiber (Figure 6.1a for a representation). Preliminary simulations showed that the 
sensitivity could be in the order of 2000 nm/RIU in this configuration. Moreover, surface-
core fibers with two cores (Figure 6.1b) can also be seen as an additional opportunity for 
the realization of sensing measurements using this sort of structure – in this case, for 
example, the coupling between the modes in the two cores could be evaluated as the 
refractive index of the external medium is varied. 
Surface-core fibers were also used for directional curvature sensing. It was 
motivated by the fact that the off-center position of the fiber core allows a Bragg grating 
inscribed in the fiber core to be compressed or extended depending on the curvature 
direction. It caused the Bragg gratings response to acquire different behavior depending 
on the curvature orientation. The maximum sensitivity attained was (- 202 ± 3) pm/m-1, 





Figure 6.1. (a) Representation of the surface-core fiber with a gold film for external refractive index (next) 
sensing using surface plasmon resonance. (b) Surface-core fiber with two cores as a new sensing platform. 
 
As an even simpler technology, we studied polymer antiresonant capillary fibers. 
Light guidance through the hollow core of the capillaries occurs via antiresonant 
reflection and, due to that, dips are seen in the capillary fibers transmission spectra. Thus, 
as the transmission dips’ spectral positions depend on the capillary wall thickness, we 
explored such structures as temperature and pressure sensors (since both parameters are 
able to provide variations in capillary wall thickness). Analytical and experimental 
studied were performed and demonstrated the feasibility of using antiresonant capillary 
fibers as temperature and pressure sensors. The realization of additional studies to provide 
a better understanding of the differences between the simulated and measured 
antiresonant dips bandwidth and of the possible alterations on PMMA mechanical 
properties when pressurized would be worthy. 
Finally, we presented additional opportunities for sensing using special optical 
fibers. Under this topic, a side-hole photonic-crystal fiber pressure sensor was 
investigated and applied for dual environment monitoring. Additionally, a three-
parameters sensor based on Bragg gratings, multimode interference and fiber tapering, 
and an intensity-based liquid-level sensor based on multimode interference and Bragg 
gratings were presented. Future investigative directions could employ the knowledge 
developed in these sensors in tilted fiber Bragg gratings-based setups for the performance 
of multi-parameters, refractive index or liquid level with improved resolution. 
Furthermore, the application of metal-filled embedded-core fibers in temperature 
sensing was demonstrated. An analytical description of the structure behavior under 
temperature variations and an experimental realization of the sensor was provided. The 
measured temperature sensitivity – (14.7 ± 0.7) nm/oC – is among the highest values 
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reported in literature for temperature sensors based on birefringent specialty optical 
fibers. 
In conclusion, we could expose along this text our research on different 
technologies regarding specialty optical fibers for sensing. Theory and experiments were 
approached and the results demonstrated the sensors to act efficiently. Furthermore, 
sensors performance was analyzed in detail and prospects on sensors improvement were 
exposed. The investigation reported herein confirm optical fiber technology as a very 
suitable solution for the realization of sensing measurements with excellence quality and 
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Fabrication of microstructured optical fibers 
 
 Silica microstructured fibers can be prepared by using a fiber drawing tower 
facility and by employing the stack-and-draw procedure [A.1]. The tower facility 
(Figure A.1) comprehends a feeding system, which inserts the glass (preform) into a 
furnace at a controlled speed. The furnace raises the preform temperature (for silica, up 
to a temperature of around 1900 ºC) so it can be drawn by the tractor system – also at a 
controlled speed level. In order to increase the resulting fiber mechanical strength, a 
polymeric coating can be put on the fiber by passing it through a polymer bath in the 
coating cone. In sequence, the polymer is cured by a UV lamp. A spooling wheel can be 









In stack-and-draw procedure, initially silica capillaries and rods are drawn by 
using the tower facility. Afterwards, as mentioned in Chapter 1, the silica capillaries and 
rods are manually assembled in a preform stack whose structure corresponds to the one 
planned for the final fiber (Figure A.2a). In sequence, the stack is inserted into a jacketing 
tube (Figure A.2b) and the resulting assembly is drawn in the tower facility to a 
microstructured preform (cane).  
 
Figure A.2. (a) A preform stack and (b) a preform stack inserted into a jacketing tube. 
 
In the following step, the cane is drawn to the fiber dimensions. It is worth saying 
that, in this last step, an additional tube can be used for jacketing the cane so the desired 
proportion between microstructured cladding, core and outer fiber sizes can be 
accomplished. In addition, it is worth emphasizing that furnace temperature, preform feed 
and drawing speeds and the pressure inside the preform can be tuned in order to control 
the resulting fiber geometry during the drawing process.  [A.2] 
 Therefore, we can observe that the fabrication process of microstructured optical 
fibers is very demanding from a technical point of view since it comprehends steps which 
must be performed very carefully. As it is shown in Chapter 2 in this thesis, the proposal 
of the embedded-core appears as a new route for the simplification of microstructured 







Displacements, strains and stresses within 
pressurized capillary tubes 
 
In this appendix, we approache the equations for accounting the stresses within 
pressurized capillary fibers as presented in Chapter 2. The expressions to be exposed 
herein are usually referenced as the Lamé solution for thick cylinders under 
pressure [B.1]. Thus, consider a tube with inner radius rin and outer radius rout which is 
subjected to an inner pressure level pin and outer pressure pout. If a volume element within 
the capillary is studied, stresses along the radial direction and azimuthal direction, as 
shown in Figure B.1a, can be defined. Moreover, if we assume the volume element is 
under equilibrium, Eq. (B.1) can be written for the balance of forces along the radial 
direction. In Eq. (B.1), σr and σθ are, respectively, the stresses on the radial and azimuthal 
directions; r is the radial distance between the capillary center and the volume element; 
θ is the azimuthal coordinate and z references the coordinate along the capillary axis. 
Simplification in Eq. (B.1) allows obtaining Eq. (B.2), which exposes the relationship 
between radial and azimuthal stresses. [B.1] 
 
𝜎𝑟 𝑟 𝑑𝜃𝑑𝑧 + 2𝜎𝜃 (
𝑑𝜃
2







= 0                                          (B.2) 
 
 Strains can also be defined for the volume element within the capillary structure. 
Suppose that the employment of pressure on the capillary tube caused the volume element 
boundaries to displace as represented in Figure B.1b. The radial deformation for an 
element with initial thickness dr is (u + du – u). Therefore, the radial strain, εr, is found 
to be described by Eq. (B.3). Besides, the arc on the azimuthal direction varies its length 
from r dθ to (r + u) dθ. Hence, one can find Eq. (B.4) for describing the azimuthal 




Figure B.1. Representation for the (a) stresses and (b) displacements experienced by a volume element 
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 Stresses and strains can be related by Hooke law. Neglecting the stresses along 
the cylinder axis and, therefore, considering that all stresses happen on the capillary cross-
section, one finds Eq. (B.5) and Eq. (B.6) for the relationship between radial and 
azimuthal strain and stresses – E stands for the material Young modulus and ν represents 














 By substituting Eq. (B.3) in Eq. (B.5) and Eq. (B.4) in Eq. (B.6), one can find 
Eq. (B.7) and Eq. (B.8), which accounts for the radial and azimuthal stresses as a function 
of the displacement (u) experienced by a volume element within the capillary due to the 
application of pressure and its first derivative, du/dr. Furthermore, substitution of 
Eq. (B.7) and Eq. (B.8) in Eq. (B.2) allows attaining a differential equation for the 
displacements in the pressurized capillary context – Eq. (B.9) –, whose general solution 
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𝑢(𝑟) = 𝐴1𝑟 +
𝐴2
𝑟
                                                 (B.10) 
 
 If Eq. (B.10) is inserted in Eq. (B.7), we can obtain the expression for accounting 
the radial stress as a function of the radial coordinate, r – Eq. (B.11). This form can be 
used to find A1 and A2 values by applying the problem boundary conditions: at the outer 
radius position, r = rout, the radial stress must be equal the external pressure level. Besides, 
at the inner radius position, r = rin, the radial stress must recover the internal pressure 
level. By imposing these conditions, A1 and A2 values can be found as exposed in 





[𝐴1(1 + 𝜈) − 𝐴2(1 − 𝜈)
1
𝑟2






























2 ]                                     (B.13) 
 
 Finally, by substituting Eq. (B.12) and Eq. (B.13) in Eq. (B.11) and performing 
some algebra, we find the radial stress expression as it is exposed in Chapter 2 – 
Eq. (B.14). Moreover, if we substitute Eq. (B.10) in Eq. (B.8) – with A1 and A2 
expressions as shown in Eq. (B.12) and Eq. (B.13) –, Eq. (B.15) is found, which accounts 
for the azimuthal stress in a pressurized hollow cylinder. 
 

















− 𝑝𝑜𝑢𝑡]      (B.14) 
 




























Surface-core fiber’s refractive index profile 
 
In this appendix, it is described the procedure we used for recovering the refractive 
index profile of the core region in the surface-core fibers reported in this thesis. As can 
be read in Chapter 3, the refractive index profile was attained from the germanium 
concentration in the core measured from an energy-dispersive X-ray spectroscopy (EDS). 
Energy-dispersive X-ray spectroscopy consists of a technique which allows the 
realization of chemical analysis on a sample by analyzing the characteristic X-ray 
energies which are emitted from the specimen when an electron beam impinges on the 
same. In an X-ray energy-dispersive spectrometer, a detector can generate voltage pulses 
whose magnitudes are proportional to the X-ray energy which was emitted by the sample. 
By the employment of electronic processing techniques, the signal can be allocated in a 
specific channel in a computer-assisted system and a spectrum for the X-ray counts as a 
function of the energy is displayed. Figure C.1 shows typical spectra for pure germanium 
and silica glass samples. [C.1]  
 
 
Figure C.1. Typical energy dispersive X-ray spectra for (a) pure germanium and (b) silica glass samples. 
GeKα, GeKβ and GeL references the characteristics X-ray energies for a germanium atom (to K and L 
shells) and SiK represents the same for a silicon atom. (Adapted from [C.1]) 
 
If a binary system is considered (sample with two chemical elements), Cliff-
Lorimer ratio technique can be employed. In this technique, it is assumed that the ratio 
between the concentrations of the two elements in the system is proportional to the 
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measured characteristic X-rays intensities (counts). In surface-core fiber characterization, 
we assumed silicon and germanium as the components of the binary system and, 
therefore, could write the Cliff-Lorimer equation as in Eq. (C.1) – where CGe and CSi are 
the germanium and silicon concentration and IGe and ISi are the X-ray intensities (counts) 
for germanium and silicon respectively. The proportionality constant, kGe,Si, called Cliff-







                                              (C.1) 
 
 Figure C.2a shows the measured counts in an EDS measurement for germanium 
and silicon as a function of the position across the core region of a surface core fiber as 
represented by the yellow arrow in Figure C.2b. By inserting Figure C.2a data in 
Eq. (C.1), germanium concentration within the core region can be calculated and the 
profile shown in Figure B.2c can be obtained. Furthermore, by using Eq. (3.1) from 
Chapter 3, the refractive index profile along the core region can be obtained. Resulting 
data are shown in Figure C.2d – it can be noted that the germanium doping increases the 
core refractive index in comparison to pure silica case (blue line in Figure C.2d). 
 
Figure C.2. (a) Measured counts for silicon and germanium along the core region of a surface-core fiber. 
(b) Image of the analyzed region and representation of the axis under analysis (yellow arrow). 





Curvature sensitivity of Bragg gratings inscribed in 
surface-core fibers 
 
When a thick material is bended, tensile and compressive strain can be observed 
in different regions of the same. In order to characterize it, consider the structure as 
depicted in Figure D.1a which is bended as represented in Figure D.1b. If the structure 
(with initial length L0) is bended in such a manner it defines an angle θ with respect to the 
curvature center, we can write the length of the bended region as Lbend = (R + y)θ, where 
y is the distance from the structure neutral axis and R is the curvature radius. As L0 can 
be expressed as L0 = Rθ, one can conclude that the length increment at a distance y from 
the neutral axis can be written as in Eq. (D.1). [D.1] 
 
Δ𝐿 = 𝐿𝑏𝑒𝑛𝑑 − 𝐿0 = 𝑦𝜃                                            (D.1) 
 
 
Figure D.1. (a) Straight and (b) bent structure. L0: initial length; ΔL: length variation due to bending; R: 
curvature radius; y: distance from neutral axis; θ: angle defined by the curvature.   
 
Since the strain, ε, is defined as the length variation divided by the initial length, 
Eq. (D.2) can be written. It shows that the bend induced strain at a position y from the 
neutral axis is proportional to the curvature C – note we have used the definition of 
curvature, C = 1/R. As it was discussed in Chapter 3, this linear relationship was explored 
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⇒ 𝜀 = 𝑦𝐶                                        (D.2) 
 
D.1 Bragg wavelength shifting due to strain application  
 
 Fiber Bragg gratings optical response is altered when strain is applied to the fiber. 
It is manifested as a wavelength shift in Bragg peak spectral position and allows 
employing Bragg gratings as strain sensors. Particularly, in surface-core fibers, due to the 
fact that the core is off-center, fiber bending induces compressive or tensile strain levels 
depending on core and curvature orientation. It turns curvature monitoring possible.  
In order to understand the Bragg wavelength shift as strain is applied to the fiber, 
let us take the differential, considering a length variation dL caused by a longitudinal 
force, for the Bragg grating phase matching condition – Eq. (1.1) –, as it is shown in 
Eq. (D.3) (λB is the Bragg wavelength, neff is the fundamental core mode effective 
refractive index and Λ is the grating pitch). If Eq. (D.3) is divided by 𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ, we 

























𝑑𝐿                                      (D.4) 
 
 In Eq. (D.4), 
𝜕Λ
𝜕𝐿
= 1 since a variation in the fiber length (due to the application of 
a longitudinal force) is equal to the variation in grating period. Moreover, it allows writing 
dL = dΛ and recognizing that the first term in Eq. (D.4) is the strain applied to the 
fiber, ε. Eq. (D.4) can, therefore, be rewritten as Eq. (D.5) – where, in addition, we 









𝑑𝜀                                          (D.5) 
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 The second term in Eq. (D.5) refers to the strain-optic effect contribution. To 
express this contribution as a function of photoelastic coefficient – as it was shown in 
Eq. (D.4) in Chapter 3 –, we can consider, firstly, Eq. (D.6) and Eq. (D.7) from 
electromagnetic theory. Eq. (D.6) accounts for the relationship between the electric 
displacement and the electric field vectors (?⃗?  and ?⃗?  respectively; 𝜖 is the dielectric tensor) 
and Eq. (D.7) for the energy density, U, carried by a propagating electromagnetic 
wave. [D.3] 
 
?⃗? = 𝜖  ?⃗?                                                     (D.6) 
 
𝑈 = ?⃗? ∙ ?⃗?                                                    (D.7) 
 
 If we express the components of the electric displacement vector, Dk, k = 1, 2, 3, 
as in Eq. (D.8), and substitute it in Eq. (D.7) – also making use of the dielectric tensor 
symmetry, i.e., 𝜖𝑖𝑗 = 𝜖𝑗𝑖, 𝑖 ≠ 𝑗 –, we can find Eq. (D.9), which can be geometrically 



















2 + 2(𝜖12𝐸1𝐸2 + 𝜖23𝐸2𝐸3 + 𝜖13𝐸1𝐸3) = 𝑈       (D.9) 
 
Since an ellipsoid can always be transformed to its principal axis, there is a 
coordinate system in which it can be written as Eq. (D.10). As in the principal axis system 
the relationship between the components of the electric displacement and electric field 
vectors take the form 𝐷𝑖 = 𝜖𝑖𝐸𝑖, 𝑖 = 1, 2, 3,  Eq. (D.11) can be obtained. Moreover, from 
𝜖𝑖 = 𝑛𝑖
2, Eq. (D.12) can be found, where n1, n2 and n3 are the material principal axes 





































2 = 1                                      (D.12) 
 
Eq. (D.12) references what is known as the refractive index ellipsoid or the optical 
indicatrix. The notation can be simplified by writing Eq. (D.12) as a function of a tensor 
Bij
 = 1/nij









𝑖,𝑗=1 = 1                                    (D.14) 
 
 The strain-optic effect shows up as a change in the optical indicatrix, which can 
be expressed as a variation in Bij tensor, ΔBij = Bij’ – Bij = Δ(1/nij
2) [D.4]. In Pockels’ 
theory of photoelasticity, it is assumed that homogeneous deformations cause the optical 
indicatrix variation to happen proportionally to the applied strain vector, 𝜀  (represented 
by its components εj). The proportionality is represented by the strain-optic tensor, whose 
components are expressed by pij. Thus, strain-optic effect can be expressed by 
Eq. (D.15). [D.5] 
 
𝛥𝐵𝑖𝑗 = 𝛥 (
1
𝑛𝑖𝑗
2 ) = ∑ 𝑝𝑖𝑗𝜀𝑗
6
𝑗=1                                 (D.15) 
 
 As silica is an isotropic and solid material, its strain-optic tensor assumes the form 
shown in Eq. (D.16), where p11 = 0.1, p12 = 0.28 and p44 = (p11 – p12)/2 = -0.09 [D.6]. 
Besides, if the strain, ε, is considered to be longitudinal (along fiber axis), the strain vector 
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 The values found in the second and third lines in Δ (
1
𝑛𝑖𝑗
2 ) matrix expresses the 
changes in the optical indicatrix on the orthogonal direction to which the strain was 
applied (changes in the optical indicatrix on the fiber cross section direction, in our case). 
Their value Δ (
1
𝑛2
), as written in Eq. (D.17), is what is usually considered to account for 





) = 𝜀[(1 − 𝜈)𝑝12 − 𝜈𝑝11]                              (D.17) 
 
 The refractive index variation due to strain application, Δ𝑛𝑠𝑡𝑟𝑎𝑖𝑛 = 𝑛
′ − 𝑛, is, 
therefore, obtained by working out Eq. (D.17) and by assuming that the refractive index 
change is small. Thus, we are able to write (𝑛′ + 𝑛) ≈ 2𝑛 and 𝑛′𝑛 ≈ 𝑛2. The main steps 
for this calculation are shown in Eq. (D.18) and the consolidated result is presented in 






























[(1 − 𝜈)𝑝12 − 𝜈𝑝11] ≡ −𝑃𝜀                     (D.19) 
 
 By considering that, in standard optical fibers the fundamental mode effective 
index value is similar to silica’s one, Δ𝑛𝑠𝑡𝑟𝑎𝑖𝑛 in Eq. (D.18) can be identified as the 
differential change in the refractive index due to strain application (
𝜕𝑛𝑒𝑓𝑓
𝜕𝜀
𝑑𝜀) as exposed 
in Eq. (D.5). It allows expressing Eq. (D.5) – the wavelength shift in a Bragg grating 
spectral response – in the form presented in Eq. (D.20), as it is written in several papers 
which studied strain sensors.  
 
Δ𝜆𝐵 = (1 − 𝑃𝜀)𝜆𝐵𝜀                                     (D.20) 
 
 Finally, by using Eq. (D.2), we can write Eq. (D. 20) as Eq. (D.21): the expression 
for the wavelength shift for Bragg gratings inscribed in surface-core fibers. 
 





Equation for spectral maxima in antiresonant 
reflecting waveguide spectrum 
 
In this appendix, we present a derivation for the expression which allows 
calculating the wavelength that experiences maximum transmission in antiresonant 
reflecting optical waveguides – Eq. (4.1) in Chapter 4. To do it, we follow the steps 
described in [E.1]. 
Consider the ray picture exposed in Figure E.1a for a light ray incident at the point 
O, defining an angle θ with respect to the horizontal direction. The wave travels from a 
medium with refractive index n1 and is directed to a medium with refractive index n2, 
where n1 < n2. After impinging at O, the ray refracts (defining an angle α with respect to 
the horizontal direction) and goes towards the point M. Finally, it reflects back to point 
Q. As n1 < n2, reflection at O occurs without any phase inversion and the reflection at M 
adds an amount π rad to phase of the wave. [E.1] 
 
 
Figure E.1. (a) Ray picture of the antiresonant reflection phenomenon. (b) Enlargement of the triangles 
OMQ and APQ. 
 
For antiresonance effect to happen, the waves represented by (I) and (II) in 
Figure E.1 should be in phase. As the reflection in M adds π rad to phase of the wave, the 
phase difference due to the different optical paths traveled by the waves, Δφ, must be an 
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odd multiple of π. Therefore, Eq. (E.1) can be written, where λmax is a wavelength of 
maximum in the antiresonant spectrum and m is an integer. [E.1] 
 
𝛥𝜑 = (2𝑚 + 1)𝜋 =





                            (E.1) 
 
By observing the triangle OMQ (Figure E.1b), one can conclude that 𝑂𝑀̅̅ ̅̅ ̅ =
𝑀𝑄̅̅ ̅̅ ̅ =
𝑑
sin 𝛼
, where d is the thickness of the layer with refractive index n2. Moreover, 
Figure E.1b allows recognizing that cos 𝜃 =
𝑂𝑃̅̅ ̅̅
𝑂𝑄̅̅ ̅̅
 and that tan 𝛼 =
2𝑑
𝑂𝑄̅̅ ̅̅
. Hence, 𝑂𝑃̅̅ ̅̅ =
2𝑑 cos 𝜃
tan 𝛼










                                        (E.2) 
 




by substituting it in Eq. (E.2), Eq. (E.3) is found. Additionally, by squaring Snell’s law 
as in Eq. (E.4), it is possible to obtain the expression for sin α presented in Eq. (D.5). 







) = 2𝑑𝑛2 sin 𝛼                                 (E.3) 
 
𝑛1
2 cos2 𝜃 = 𝑛2
2 cos2 𝛼 = 𝑛2
2(1 − sin2 𝛼)                                (E.4) 
 



















sin2 𝜃                          (E.6) 
 
According to [E.2], for the fundamental mode, sin 𝜃 ≅
𝜆𝑚𝑎𝑥
2𝑛1𝑎
, where a is the 
diameter of the fiber core. By using this result, Eq. (E.7) can be obtained. This is the 
equation reported by M. A. Duguay et al. in [E.2] which, to our knowledge, is the first 
















                            (E.7) 
 
 To obtain Eq. (4.1) as shown in Chapter 4, we have to make an additional 
approximation, which is to consider the wavelength to be much lower than the dimensions 
of the fiber core, i.e., 
𝜆𝑚𝑎𝑥
𝑎
≪ 1. Therefore, we obtain Eq. (E.8), which expresses the 
wavelengths that experiences maximum transmission in antiresonant reflecting optical 
waveguides (here, the approximation sign was replaced by an equal sign, as it is usually 




















Expression for the transmitted power in 
antiresonant capillaries 
 
Here, it is presented a demonstration for the expression which allows simulating 
the antiresonant capillaries transmission spectrum – Eq. (4.4) in Chapter 4. The derivation 
to be exposed herein follow the steps described in [F.1]. 
 As presented in Chapter 4, the model for analytically obtaining the antiresonant 
capillaries transmission spectrum is based on the consideration which each leaky mode 
supported by the capillary hollow core can be described as a light ray that impinges on 
the capillary wall with an angle of incidence θ1 (Figure F.1). As the wall of an antiresonant 
capillaries can be seen as a Fabry-Perot etalon, one can use Eq. (F.1), from 
electromagnetic theory, to account for the reflectivity, R, for a light ray which impinges 
on the capillary wall at an incidence angle θ1 (n2 is the refractive index of the capillary 
wall, Γ is the Fresnel reflection coefficient, n1 is the capillary hollow core refractive index 
and λ is the wavelength). [F.1] 
 










                         (F.1) 
 
 
Figure F.1. Light ray picture for the propagation along the capillary fiber hollow core. 
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 To obtain the optical power transmitted through the capillary, we assume the 
power transmitted after the wave traveled a distance L, Pout, can be obtained from the 
power of the light launched in the capillary hollow core, Pin, by Eq. (F.2), where α is the 
attenuation constant of the core leaky mode. Additionally, as the transmitted light come 
from the reflections on the capillary core-cladding interface, Pout can also be equaled to 
RN, where N is the number of reflections at the core-cladding interface within the 
distance L. [F.1] 
 
𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛𝑒
−𝛼𝐿 = 𝑅𝑁                                           (F.2) 
 
 By observing Figure F.1, it is possible to conclude that 𝑥 = 𝑎 tan 𝜃1, where a is 
the hollow core diameter. Therefore, as the number of reflections at the core-cladding 
interface can be written as 𝑁 =
𝐿
𝑥
, one have that 𝑁 =
𝐿
𝑎 tan𝜃1
. By inserting this result in 
Eq. (F.2), Eq. (F.3) can be found. Finally, by substituting Eq. (F.3) in Eq. (F.2), we find 





                                                     (F.3) 
 















































Thermal-induced displacements in metal-filled 
hollow cylinders 
 
 In this appendix, we will provide the derivation of Eq. (5.10) and Eq. (5.11), which 
accounts for the displacements experienced by the mass elements in metal-filled cylinders 
composite structures subjected to temperature variations (Figure 5.12 in Chapter 5). To 
do that, we followed the steps described in [G.1] and applied convenient boundary 
conditions. 
 In [G.1], it is assumed that the stresses in the radial, azimuthal and longitudinal 
directions (σr, σθ and σz), in the metal region, have the form shown in Eq. (G.1). Inside 
capillary region, in turn, the stresses are assumed to be described by the expressions 
shown in Eq. (G.2). In Eq. (G.1) and Eq. (G.2), A1, A2, B2, C1 and C2 are constants to be 
determined. 
 
𝜎𝑟,1 = 𝐴1   ;  𝜎𝜃,1 = 𝐴1   ;  𝜎𝑟,1 = 𝐶1                                  (G.1) 
 
𝜎𝑟,2 = 𝐴2 +
𝐵2
𝑟2
   ;  𝜎𝜃,2 = 𝐴2 +
𝐵2
𝑟2
   ;  𝜎𝑟,2 = 𝐶2                            (G.2) 
 
 To obtain the constants values, we assume a set of boundary conditions. The first 
one is that the capillary outer boundary is free. It means that σr,2(rout) = 0, where rout is 
the capillary tube outer radius. It allows obtaining Eq. (G.3). The second condition is that 
the radial stress must be continuous. Therefore, at the inner radius position, rin, we have 
σr,1(rin) = σr,2(rin). This condition together with Eq. (G.3) allows obtaining Eq. (G.4). 
 
𝐵2 = −𝑟𝑜𝑢𝑡
2 𝐴2                                                   (G.3) 
 








The third condition is to consider the plane strain approximation since here the 
fiber length is assumed to be much greater than the fiber cross-sectional dimensions. 
Thus, under plane strain approximation, the longitudinal strain, 𝑧, is set to zero. By using 
the Hooke law, Eq. (G.5) can be written to express the longitudinal strain. It is worth 
emphasizing that, as in the approached problem we are interested in accounting the 
displacements due to temperature variations, ΔT, the Hooke law must be written with an 
additional term which accounts for the thermal expansion effect. Thus, by setting  𝑧 = 0 
in both internal and external regions of the composite structure, Eq. (G.6) and Eq. (G.7) 
can be found. In Eq. (G.5), Eq. (G.6) and Eq. (G.7), E represents Young modulus, ν the 
Poisson ratio and α the thermal expansion coefficients. Index 1 stands for the metal 








(𝜎𝑟 + 𝜎𝜃) + 𝛼Δ𝑇                                       (G.5) 
 




2 ) − 𝛼1𝐸1Δ𝑇                                    (G.6) 
 
𝐶2 = 2𝜈2𝐴2 − 𝛼2𝐸2Δ𝑇                                            (G.7) 
 
The fourth condition is the radial displacement, u(r), continuity. It is written as 
u1(rin) = u2(rin), where u1(r) represents the displacement in the metal region and u2(r) the 
displacement in the capillary region. Here, the radial displacement is expressed as a 
function of the azimuthal strain – as already used in Chapter 2 and explained in 
Appendix B), 𝑢(𝑟) = 𝑟 𝜃(𝑟). Again, here we write the Hooke law with an additional 
term for accounting the thermal expansion – Eq. (G.8). Therefore, u1(rin) = u2(rin) 
condition allows obtaining Eq. (G.9), which is an expression that allows calculating the 




































Finally, we can observe that the expression shown in Eq. (G.9) allows expressing 
all the other constants A1, C1 and C2 also as a function of the fundamental parameters of 
the problem by simply substituting Eq. (G.9) in Eq. (G.4), Eq. (G.6) and Eq. (G.7). The 
knowledge of the values of these constants allows obtaining the expressions for the 
stresses by substituting them in Eq. (G.1) and Eq. (G.2).  
Moreover, as the displacement in each region of the problem is obtained by 
𝑢(𝑟) = 𝑟 𝜃(𝑟) and 𝜃(𝑟) is calculated by Eq. (G.8) (and, additionally, the expressions 
for all the stresses are now known), Eq. (G.10) and Eq. (G.11) can be obtained for, 
respectively, the displacements experienced by the mass elements in the metal and in the 
capillary tube regions of the composite structure. The parameter δ seen in Eq. (G.10) and 
Eq. (G.11) can be calculated as shown in Eq. (G.12). 
 
𝑢1(𝑟) = Δ𝑇 [
𝛿
𝐸1
(1 − 𝜈1) (𝜈1 +
1
2
) + (1 + 𝜈1)𝛼1] 𝑟                     (G.10) 
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